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ABSTRACT  
   
 At the heart of every eusocial insect colony is a reproductive division of 
labor. This division can emerge through dominance interactions at the adult stage 
or through the production of distinct queen and worker castes at the larval stage. 
In both cases, this division depends on plasticity within an individual to develop 
reproductive characteristics or serve as a worker. In order to gain insight into the 
evolution of reproductive plasticity in the social insects, I investigated caste 
determination and dominance in the ant Harpegnathos saltator, a species that 
retains a number of ancestral characteristics.  
 Treatment of worker larvae with a juvenile hormone (JH) analog induced 
late-instar larvae to develop as queens. At the colony level, workers must have a 
mechanism to regulate larval development to prevent queens from developing out 
of season. I identified a new behavior in H. saltator where workers bite larvae to 
inhibit queen determination. Workers could identify larval caste based on a 
chemical signal specific to queen-destined larvae, and the production of this 
signal was directly linked to increased JH levels. This association provides a 
connection between the physiological factors that induce queen development and 
the production of a caste-specific larval signal. 
 In addition to caste determination at the larval stage, adult workers of H. 
saltator compete to establish a reproductive hierarchy. Unlike other social insects, 
dominance in H. saltator was not related to differences in JH or ecdysteroid 
levels. Instead, changes in brain levels of biogenic amines, particularly dopamine, 
were correlated with dominance and reproductive status. Receptor genes for 
   ii
dopamine were expressed in both the brain and ovaries of H. saltator, and this 
suggests that dopamine may coordinate changes in behavior at the neurological 
level with ovarian status. Together, these studies build on our understanding of 
reproductive plasticity in social insects and provide insight into the evolution of a 
reproductive division of labor. 
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CHAPTER 1 
INTRODUCTION 
 In 1760, a German pastor named A. G. Schirach conducted a simple 
experiment with his honey bee colonies that produced a profound result1. By that 
time, beekeepers had already learned that the honey bee "king" was in fact a 
"queen," and that workers were a neutered caste. What was not understood, 
however, was how queens and workers were produced. Contrary to popular 
opinion, Schirach believed that all female larvae had the potential to develop into 
queens if given the proper resources. To demonstrate this, he isolated a group of 
adult workers with a comb of worker larvae and no queen. When Schirach 
returned after several days, his nests were filled with queen cells, and his larvae 
had been transformed. 
 A century later, an Austrian friar working 300 kilometers to the south of 
Schirach's parrish made a discovery that would place Schirach's work into a new 
context. The Austrian friar was Gregor Mendel, the father of modern genetics, 
and his work on pea plants established that traits were passed down to new 
generations through discrete units we now call genes (Mendel, 1865). The field of 
genetics has revolutionized our understanding of how traits can be coded and 
transmitted, but Schirach's work on honey bee development showed that 
individuals with the same genetic background could still develop into vastly 
different forms. This presented a challenge: how can organisms produce plasticity 
without changing their genetic code? 
                                                 
1 Information in the following section is referenced from Mazzolini (1985). 
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 The ability of a single genotype to produce multiple, distinct phenotypes 
in response to environmental variation is called developmental plasticity (West-
Eberhard, 2003). Organisms can exhibit plasticity with respect to morphology and 
behavior, and the phenotypic response may vary from gradual to extreme. 
Plasticity is often regulated through an interaction between environmental cues 
and hormonal factors (Hartfelder and Emlen, 2005; Nijhout, 1999). Differences in 
hormone levels or the timing of hormone release can initiate a cascade of events 
that results in a change of phenotype. Rather than modifications to the genetic 
code itself, this cascade may trigger changes in gene expression patterns or 
epigenetic regulation (Kucharski et al., 2008; Scheiner, 1993; West-Eberhard, 
2003). 
  Perhaps the best-known example of developmental plasticity is the one 
originally discovered by Schirach over 200 years ago–the production of distinct 
queen and worker castes in the eusocial insects. Plasticity defines a reproductive 
division of labor in social insects, where only one or a few individuals in a colony 
reproduce while the rest serve as a functionally sterile workforce (Wilson, 1971). 
Like the honey bee, many eusocial species possess independent castes that differ 
with respect to reproductive potential and morphology. Even among adults, 
differences in hormone levels can influence behavior and lead to a reproductive 
division of labor. Plasticity in development and behavior forms the foundation of 
these complex societies, and understanding how reproductive plasticity is 
regulated can provide a key to understanding the evolution of eusociality. 
 
 3 
Reproductive division of labor in the eusocial insects 
 Like the organization of single cells into multi-cellular organisms, the 
organization of animals into eusocial societies represents one of the major 
transitions in evolution (Maynard Smith and Szathmary, 1995). The production of 
a reproductive division of labor–in addition to cooperative brood care and an 
overlap of generations–is a defining feature of eusociality (Wilson 1971). Within 
the eusocial Hymenoptera (ants, bees, and wasps) this division can emerge at 
either of two stages: 1) the adult stage, when individuals compete over 
reproductive rights, and 2) the larval stage, when larvae can develop into either 
workers or queens. 
 In primitively eusocial species, a reproductive division of labor emerges at 
the adult stage, and essentially all adult females can become reproductive. Colony 
members engage in tournaments that determine a reproductive hierarchy 
(reviewed in West-Eberhard 1978; Fletcher and Ross 1985; Röseler 1991; Heinze 
et al. 1994). These tournaments feature high levels of intra-colonial aggression. 
Dominant individuals become reproductively active, while subordinate 
individuals forego reproduction and instead serve as functionally sterile workers. 
By remaining in the colony, these workers gain indirect fitness benefits by 
helping to raise the offspring of their nestmates (Bourke and Franks, 1995; 
Hamilton, 1964). Additionally, they have the opportunity to receive direct fitness 
benefits if the dominant reproductive is killed or deposed (Leadbeater et al., 
2011). There is still a high level of internal conflict within these societies, and 
policing behaviors are necessary to enforce this division of labor (Ratnieks 1988). 
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 The transition from primitive societies to highly eusocial species 
coincided with the development of a reproductive division of labor at the larval 
stage with the production of a morphologically distinct queen caste (Hölldobler 
and Wilson, 2009; Wilson, 1971). Queen and worker phenotypes may differ 
dramatically. Honey bee queens develop in roughly three-quarters the time 
required for worker development and grow nearly twice as large (Winston, 1991). 
Ant queens may reach sizes over twenty-times larger than their smallest workers 
(Fjerdingstad and Crozier, 2006), and while the age of workers is generally 
measured in days or weeks, a queen of the ant Lasius niger lived 29 years in 
captivity (Hölldobler and Wilson, 1990). With respect to reproduction, queen 
fecundity dwarfs the reproductive potential of workers due to their exaggerated 
ovarian development. Termite queens may lay up to 80,000 eggs per day (Bignell 
et al., 2010) , and queens of the driver ant Dorylus nigricans can lay one million 
eggs in a single batch (Schneirla, 1957). This combination of features defines the 
reproductive division of labor between queens and workers in highly eusocial 
insects. 
 The production of new queens is precisely timed to occur during a specific 
season and at an appropriate point in colony ontogeny. In temperate species, 
queens are generally reared at the beginning of spring so that adult sexuals are 
produced in advance of summer mating flights (Hölldobler and Wilson, 1990). 
Newly founded colonies often go through a period called the ergonomic phase 
(Oster and Wilson, 1978), where the production of sexuals is held off until 
colonies reach a threshold size. Production of queens during the wrong season or 
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overproduction of virgin queens, particularly during early stages of colony 
development, could drain resources and decrease the rate of colony growth (Oster 
and Wilson, 1978). 
 Because workers have limited reproductive capability, the potential for 
intra-colonial conflict over egg laying is diminished in these societies compared 
to primitively eusocial species (Hölldobler and Wilson, 2009). Conflict may 
occur, however, over caste fate where it may be advantageous for individual 
larvae to develop as queens even if it comes at a cost to the colony workforce 
(Bourke and Ratnieks, 1999). Similar to the regulation of reproduction among 
adults, colonies must have a mechanism to regulate larval development to ensure 
that queens and workers are produced during the appropriate season and in the 
correct proportion.  
 Even in the absence of conflict, regulation of reproduction within a colony 
is necessary to maintain social structure and promote colony efficiency (Brian, 
1980; Hartmann et al., 2003). A combination of social and physiological factors 
are necessary to control reproduction at both the adult and larval stages in social 
insects. Understanding how these factors integrate to produce a division of labor 
is the subject of this dissertation. In the following chapters I focus on elucidating 
the mechanisms regulating a reproductive division of labor in the ant 
Harpegnathos saltator, a species with incredible caste plasticity. 
 
 
 
 6 
Caste in the ant Harpegnathos saltator 
 H. saltator is notable among social insects in that a reproductive division 
of labor can emerge at both the larval and adult stages. Similar to most ant 
species, larvae of H. saltator are bipotential and capable of developing into either 
queens or workers. Workers of H. saltator, however, retain the ability to mate and 
reproduce. After queen senescence, workers compete to establish a reproductive 
dominance hierarchy (Peeters and Hölldobler, 1995). In this sense, H. saltator 
displays characteristics of both primitively eusocial and highly eusocial species. 
H. saltator provides the rare opportunity to investigate the regulation of 
reproductive plasticity at both the larval and adult stages within a single species.  
 Members of the genus Harpegnathos are found in tropical environments 
that range from India through Southeast Asia. Within this distribution, H. saltator 
occurs along the southwest coast of India in the Western Ghats. Colonies produce 
workers year round (personal observation), while new queens and males are 
reared only during a limited period beginning in late March or early April. Mating 
flights are triggered by the pre-monsoon rains in May or June, and queens found 
new nests independently (Peeters et al., 2000). Mature colonies of H. saltator are 
relatively small (50-300 workers), and new foundations are able to reach full size 
within their first year (Penick et al., 2011). 
 H. saltator is from the morphologically primitive subfamily Ponerinae 
(Schmidt, 2009) and has retained a number of ancestral characteristics. They 
display low queen-worker dimorphism (Peeters et al., 2000), which contributes to 
the high reproductive potential of workers in this species. Workers and larvae lack 
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trophallaxis (mouth-to-mouth food exchange), and workers cannot regulate larval 
feeding with the same precision as in highly derived species. In addition, small 
colony sizes and a predatory lifestyle are also considered ancestral characteristics 
in ants (Peeters, 1997). This combination of features makes H. saltator a prime 
candidate to address the early evolution of caste-determining systems in eusocial 
insects. 
 Workers of H. saltator are visual hunters and rely on their well-developed 
eyes to stalk small arthropods. A rare trait among ants, H. saltator can jump, and 
they use this behavior as a form of normal locomotion and for prey capture 
(Urbani et al., 1994). Workers predominantly hunt spiders and small crickets, 
which they paralyze and carry back to their nest. Their nests are complex 
underground structures that feature a central chamber lined with recycled pupal 
casings and pieces of insect cuticle (Peeters et al., 1994). This structure is thought 
to prevent flooding–a major concern in this region–and it may take colonies a 
long time to generate the materials required for the nest lining. Peeters and 
Hölldobler (1995) have proposed that these "valuable" nests may be one reason 
why workers of H. saltator have retained reproductive capability; the queen can 
pass her nest onto her daughters, who can take advantage of this resource and 
extend the life of the colony. 
 Queens can live up to 5 years (Peeters et al., 2000), but after queen 
senescence, workers engage in an elaborate dominance tournament that decides a 
new group of reproductive workers, termed gamergates. During these 
tournaments, workers display a series of highly ritualized dominance behaviors 
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that include antennal dueling, biting, and physical policing (Heinze et al., 1994). 
Even before tournaments begin, most workers in a colony mate with their brothers 
and are capable of producing viable offspring (Liebig et al., 1998; Peeters et al., 
2000). Only workers that achieve gamergate status, however, activate their 
ovaries and begin to lay eggs. Tournaments can last several weeks, but once 
gamergates are established their status is maintained through the production of a 
chemical fertility signal, and intracolonial aggression is reduced or absent (Liebig 
et al., 2000). Workers that attempt to activate their ovaries in the presence of 
mature gamergates are physically policed by their nestmates, and this policing 
inhibits ovarian activity (Liebig et al., 1999).  
 I used H. saltator as a model to investigate reproductive plasticity in social 
insects. I examined the role of hormones in generating a reproductive division of 
labor at both the larval stage and the adult stage. During the larval stage, 
hormones determine whether a larva develops into a worker or a queen, and at the 
adult stage hormones can affect dominance behavior and the activation of the 
ovaries. These hormonal changes are ultimately regulated through social control. 
With respect to larval development, I discovered a new behavior in H. saltator 
where workers use larval-directed aggression to inhibit queen development, and I 
investigated the signaling mechanisms workers use to identify queen-destined 
larvae. Among adults, I quantified the hormonal changes associated with onset of 
reproductive tournaments, and I measured how hormone levels change when an 
individual is policed to inhibit ovarian development. 
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CHAPTER 2 
JUVENILE HORMONE INDUCES QUEEN DEVELOPMENT IN LATE-
STAGE LARVAE OF THE ANT HARPEGNATHOS SALTATOR 
 
ABSTRACT 
 A link between hormones and developmental plasticity has long been 
established, but understanding how evolution has shaped the physiological 
systems underlying plasticity remains a major question. Within the eusocial 
insects, developmental plasticity helps define a reproductive division of labor 
through the production of distinct queen and worker castes. Caste determination 
may be triggered via changes in juvenile hormone (JH) levels during specific JH-
sensitive periods in development. The timing of these periods, however, can vary 
and may relate to phenotypic differences observed among species. In order to gain 
insight into the evolution of caste determining systems in eusocial insects, we 
investigated the presence of a JH-sensitive period for queen determination in the 
ant Harpegnathos saltator. This species displays a number of ancestral 
characteristics, such as low queen-worker dimorphism, and should allow insight 
into the early evolution of caste determining systems in ants. We identified four 
larval instars in H. saltator, and we found that the application of a JH analog 
(JHA) to third and fourth instar larvae induced queen development while 
treatment of early instars did not. This indicates the presence of a JH-sensitive 
period for queen determination at the end of the larval stage. These results 
contrast with what has been found in other ant species, where queen 
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determination occurs much earlier in development. Therefore, our results suggest 
that caste determination originally occurred late in the larval stage in the ancestral 
condition but has shifted earlier in development in species that began to acquire 
advanced characteristics. This shift may have facilitated the development of 
greater queen-worker dimorphism as well as multiple worker castes. 
 
INTRODUCTION 
 Many insect species display a form of developmental plasticity termed 
polyphenism, where a single genotype can give rise to two or more distinct 
phenotypes (Nijhout, 2003; Simpson et al., 2011). Within the eusocial insects, 
caste polyphenisms define a reproductive division of labor between the queen and 
worker castes (Wilson, 1971). Species in this group display an incredible diversity 
in the degree of dimorphism between queens and workers as well as variation in 
the presence of additional worker castes. Underlying this phenotypic diversity 
there must also have been changes to the regulatory systems that control caste 
differentiation. Identifying how these systems vary across species is a central 
component for understanding the evolution of morphological castes within this 
group.  
 Evidence from a wide range of species indicates the importance of 
hormones in caste determination, particularly juvenile hormone (JH) (Hartfelder 
and Emlen, 2005; Nijhout and Wheeler, 1982). JH has been shown to affect caste 
determination during specific critical periods in development that are 
characterized by an increase in hormone sensitivity (Wheeler, 1986). If JH passes 
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a certain threshold during one of these periods it can redirect development 
towards an alternative trajectory. This has been clearly demonstrated in the honey 
bee, Apis mellifera, where an increase in larval nutrition triggers a rise in JH 
levels in fourth and fifth instar queen larvae (Rachinsky and Hartfelder, 1990; 
Rachinsky et al., 1990; Rembold, 1987). Application of JH to worker larvae 
during this period can also induce queen development (Wirtz and Beetsma, 1972). 
JH has been found to affect caste determination in stingless bees (Hartfelder et al., 
2006), bumble bees (Cnaani et al., 2000; Röseler, 1976) as well as ants, but the 
timing of the JH-sensitive period may vary among species (e.g. Röseler, 1970). 
While the effect of JH on caste determination appears to be highly conserved, this 
variation in timing of the JH-sensitive period raises questions about the evolution 
of caste determining systems in different lineages. 
 Despite a single origin of distinct queen and worker castes in ants, the 
factors affecting queen determination in this group vary widely (Nijhout and 
Wheeler, 1982). In some cases, caste determination is under genetic control 
(Anderson et al., 2008; Cahan et al., 2002; Schwander et al., 2010), but caste in 
most species is thought to be environmentally determined. Larvae of temperate 
species may need to overwinter before they become totipotent, and treatment of 
overwintered larvae of Myrmica rubra with a JH analog induced a greater portion 
of these larvae to develop as queens (Brian, 1974). In other species, a JH-sensitive 
period occurs earlier in development, even inside the embryo. Treatment of eggs 
and first instar larvae of the fire ant Solenopsis invicta induced a portion of larvae 
to develop as queen-like workers (Vinson and Robeau, 1974). In Pheidole, 
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treatment of the queen or her eggs directly induced queen development (Abouheif 
and Wray, 2002; Passera and Suzzoni, 1979). Species with polyphenic worker 
castes display additional JH-sensitive periods that control worker phenotype. In 
Pheidole, treatment of worker larvae during the last instar can trigger soldier 
development (Wheeler and Nijhout, 1981), and a second sensitive period controls 
the development of "super-soldiers" in Pheidole obtusospinosa (Rajakumar et al., 
2012). 
 While techniques for investigating the role of JH in larval development 
have been available for some time, there have been relatively few studies on ants 
with respect to queen development. Past studies have focussed on species within 
the single subfamily Myrmicinae, where most species display relatively advanced 
characteristics. There is a lack of information about how JH may affect larval 
development in species that display ancestral characteristics, which could provide 
information about the evolution of caste determining systems in ants. Because 
ants display a high diversity of alternative morphologies, studies on caste 
development in this group should shed light on the general mechanisms involved 
in developmental plasticity.  
We studied the role of JH in queen development of the ant Harpegnathos 
saltator, a member of the morphologically primitive subfamily Ponerinae, in 
order to gain further understanding of caste determination in ants. This species 
lives in small colonies (~50-300 workers) in southwestern India (Peeters et al., 
2000) and produces winged sexuals during early Spring prior to the monsoon 
rains. For the present study, we conducted an analysis of the developmental stages 
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of this species to identify larval instars, and using this information we tested the 
effect of a JH analog (JHA) on queen determination in each instar. Because H. 
saltator retains a number of ancestral characteristics (e.g. low queen-worker 
dimorphism (Peeters, 1997)), our results provide information about the early 
control mechanisms for caste determination in ants. 
 
METHODS 
Focal species and lab conditions 
 Stock colonies of H. saltator were originally collected in southwestern 
India as described in Peeters et al. (2000). In the laboratory, colonies were housed 
in plastic boxes (19x27cm) with a dental plaster floor that featured a preformed 
nest chamber covered by a glass plate (12x15cm). For all experiments, colonies 
were held at a constant temperature (25ºC) and 12:12 light/dark cycle. They were 
fed live crickets (Acheta domesticus) ad libitum, which the workers paralyze and 
bring into the nest chamber. 
 
Larval instar measurements 
 We developed a new method to identify larval instars of H. saltator. 
Unlike other ant species (Baratte et al., 2005; Penick et al., 2012a; Petralia and 
Vinson, 1979), the larval instars of H. saltator cannot be easily distinguished by 
differences in hair morphology or other conspicuous morphological features. 
However, at the beginning of each instar the larvae of H. saltator appear to have a 
higher density of tubercles covering their body (Fig. 2.1). As a larva grows, these 
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tubercles spread out as the body expands, and the larva appears shiny.  To see if 
we could use these features to identify larval instars we isolated 10-20 workers in 
a satellite nest with eggs from their parent colony. These groups were established 
from 10 independent stock colonies. Each nest was checked daily, and when a 
larva eclosed it was photographed under a dissecting microscope (Leica MZ9.5) 
and moved into a new nest box with additional workers from their parent colony. 
All larvae were checked daily for signs that they had molted into a new instar 
(change in tubercle density). Each time a larva molted it was photographed under 
a dissecting scope and moved into a new nest box with larvae of the same instar. 
 We tracked larval development until the beginning of the pupal stage. For 
the purposes of this study we considered the beginning of the pupal stage to occur 
when larvae began to spin a pupal cocoon (larvae do not molt into true pupae until 
several days after they have completed their cocoon). The largest larvae in the 
nest were photographed approximately one day before they pupated, and this was 
used to define the maximum larval length reached before pupation. Colonies were 
checked daily after larvae pupated until the first adult workers eclosed, which 
marked the end of the pupal stage. To determine the duration of the egg stage, we 
removed all eggs and young larvae from 10 colonies and monitored these nests 
until the first new larvae eclosed. 
 Larval measurements were taken from photographs using ImageJ software 
(version 1.44, 2010). Larval length was measured across the long axis of the body 
(the neck and head were excluded). In addition to length, we also measured the 
mass of each instar. This was conducted as a separate study, and larvae were 
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taken from 10 stock colonies and sorted by instar. In order to get the full spectrum 
of larval sizes for each instar we chose larvae from 3 size classes within each 
instar (small, medium, and large larvae). These were then weighed using a Mettler 
Toledo XS105 DualRange analytical balance (sensitive to 0.1mg). We also 
determined the dry mass of worker and male pupae by removing individuals from 
their pupal cocoons and drying them in an oven at 50ºC for 48hrs. 
  
Queen induction using JHA 
 To determine whether there was a critical period for JH sensitivity, we 
tested the effect of the JH analog (JHA) methoprene (Chem Service, West 
Chester, PA) on each individual instar. Methoprene degrades at a slower rate 
compared to natural JH-III and can remain biologically active over a longer 
duration (Bigley and Bradleich Vinson, 1979; Quistad et al., 1975). We 
established 2 satellite nests for each of 10 stock colonies. Satellite nests consisted 
of 20-40 workers, and these nests were established at least three months prior to 
the start of the experiment to ensure that the reproductive hierarchy in these 
colonies was stable. We conducted three separate trials using either fourth instar 
larvae, third instar larvae, or first and second instar larvae combined. For each 
trial, all larvae from the instar designated were removed from their parent colony 
and randomly divided into two groups. One group was treated topically with 
0.15µg JHA per mg larval weight dissolved in acetone (0.1µg, 0.5µg, and 5µg 
concentrations were used depending on instar, and the relative dose could be 
adjusted for larval size by controlling the volume administered). Larvae in the 
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control group were treated with acetone only. After treatment, each group of 
larvae was separated into separate satellite nests, and these nests were checked 
after 2 days to determine whether workers were observed biting larvae. Workers 
bite larvae as a mechanism to inhibit queen development (Penick and Liebig, 
2012), and although it may inhibit a portion of larvae from developing into 
queens, biting can be used as an early indicator that queen development has been 
induced. We also noted when at least three larvae had pupated in order to 
determine if JHA treatment delayed pupation. After all larvae had pupated, we 
opened pupal cocoons to determine the caste and sex of larvae. Queens were 
identified based on the clear presence of wing buds. 
 We conducted a second experiment to determine if JHA treatment had a 
dose dependent effect on the induction of queen development. Satellite nests were 
established as described above, and fourth instar larvae were treated with one of 
four doses of JHA dissolved in 1µl of acetone (0.1µg, 1µg, 5µg, or 10µg JHA). 
Control larvae were treated with an equivalent volume of the acetone solvent. 
Again, these colonies were observed two days after treatment to determine if 
workers were biting larvae, and caste and sex were determined at the pupal stage. 
 
Statistical analyses 
 Statistical analyses were conducted using Statistica version 7 (StatSoft, 
Tulsa, OK, USA). Due to a lack of normality we used non-parametric analyses as 
a conservative choice over parametric tests for all comparisons. Our experiments 
on queen development used a paired design, and comparisons were made between 
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treatment and control groups derived from the same individual colony. To 
determine the effect of JHA treatment on queen development, we analyzed our 
data using two metrics: 1) the percentage of female brood in each colony that 
developed into queens, and 2) the total proportion of colonies that produced 
queens. For paired comparisons we used the Wilcoxon signed rank test, and for 
analyses of binomial data we used the McNemar's test. Because we had predicted 
that JH would induce queen development a priori based on previous studies for 
the role of JH in caste determination (Nijhout and Wheeler, 1982), we used a one-
tailed analysis. For unpaired analyses we used the Mann-Whitney U test. 
 
Results 
Developmental features 
 Observations of larval development in H. saltator indicated that larvae 
progress through four instars. Larvae of all instars possessed a mobile neck and a 
head with complete mouthparts (Fig. 2.1a) as well as numerous subconical 
tubercles (terminology from Wheeler and Wheeler, 1976; Fig. 2.1b). These 
tubercles were present on all thoracic and abdominal segments in rings that 
wrapped the dorsal, ventral, and lateral sides. The absolute density of these 
tubercles was similar across instars, but the total number of tubercles increased 
with instar number. At the beginning of an instar these tubercles were close 
together and appeared relatively dense; however, as a larva grew within an instar 
these tubercles gradually moved apart as the larva expanded in volume due to 
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feeding. This feature allowed instars of similar size to be distinguished based on 
relative tubercle density. 
 The larval period lasted approximately 18 days at 25º, and egg and pupal 
stages lasted 29 and 32 days respectively (Table 2.1). Total development time was 
approximately 79 days, which was relatively long compared to other ant species 
(Porter, 1988). Incidentally, 3 colonies in our study produced only males while 
another 4 colonies produced only females. A comparison of development time 
between these groups showed that the duration of larval and pupal stages did not 
clearly differ between sexes ([male larval period: median 17 days, range 16-18; 
female larval period pupal: median 18days, range 17-18 period]; [male pupal 
period: median 32 days, range 31-33; female pupal period: median 32 days, range 
32-35]). We also measured the dry mass of male and worker pupae to determine 
whether there were differences in size due to sex. The dry mass of male pupae 
was significantly higher than the dry mass of worker pupae (Mann-Whitney U 
test, male N=31, worker N=29, p<0.0001). Males gained approximately 25% 
more weight during the larval stage compared to worker larvae (males: median, 
9.25mg; range, 6.21-11.63mg; females: median, 7.29mg; range, 5.37-9.57mg). 
Based on these results, male larvae exhibited a higher growth rate compared to 
worker larvae, where males gained 25% more mass over the same period 
(~18days) as female larvae. 
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Effects of JHA treatment on queen determination 
 We tested the effect of JHA treatment on separate instars to identify the 
presence of a JH-sensitive period for queen determination. Treatment of third and 
fourth instar larvae with JHA increased the percentage of female larvae that 
developed into queens but had no significant effect on queen development in first 
and second instar larvae (Wilcoxon signed rank test, N=10: [5µg fourth instar, 
p=0.028; 0.5µg third instar, p=0.043; 0.1µg first and second instar, p=0.12]; Fig. 
2.2). Likewise, JHA increased the proportion of colonies that produced queens 
when third and fourth instars were treated but not first and second instars 
(McNemar's test, one-tailed, N=10: [5µg fourth instar, p=0.021; 0.5µg third 
instar, p=0.037; 0.1µg first and second instar, p=0.24]; Table 2.2). Observation of 
larval-directed biting showed that biting was significantly higher in JHA-treated 
third and fourth instar larvae 2 days after treatment (a sign that larvae were 
developing into queens), but no biting was observed in first and second instar 
larvae 2 days after treatment (McNemar's test, one-tailed, N=10: [5µg fourth 
instar, p=0.004; 0.5µg third instar, p=0.037; 0.1µg first and second instar, p=0.5]; 
Table 2.2). We checked nests with first and second instar larvae again 1 week 
after treatment, when larvae had molted into the third instar, and we did observe 
biting in 3 JHA-treated colonies and 2 control colonies; however, biting was still 
not significantly higher in JHA-treated first and second instar larval groups 
compared to controls (McNemar's test, one-tailed, N=10, p=0.5). 
 JHA treatment displayed a dose dependent trend increasing from 5% to 
30% of female larvae that developed as queens, and the lowest dose (0.1µg JHA) 
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did not significantly induce queen development (Wilcoxon signed rank test, 
N=10: [10µg fourth instar, p=0.080; 5µg fourth instar, p=0.028; 1µg fourth instar, 
p=0.028; 0.1µg fourth instar, p=0.068]; Fig. 2.3a). The proportion of colonies that 
produced queens showed a similar pattern, but the lowest and highest doses of 
JHA were not significant (McNemar's test, one-tailed, N=10: [10µg fourth instar, 
p=0.37; 5µg fourth instar, p=0.021; 1µg fourth instar, p=0.037; 0.1µg fourth 
instar, p=0.065]; Table 2.2). With respect to larval-directed biting, there was a 
slight decrease in biting observed in colonies treated with the lowest dose of JHA, 
but the proportion of colonies where biting was observed was higher in all JHA-
treated colonies compared to controls (McNemar's test, one-tailed, N=10: [10µg 
fourth instar, p=0.008; 5µg fourth instar, p=0.004; 1µg fourth instar, p=0.008; 
0.1µg fourth instar, p=0.041]; Table 2.2). We also observed an increase in larval 
mortality due to JHA treatment (Wilcoxon signed rank test, N=10: [10µg fourth 
instar, p=0.005; 5µg fourth instar, p=0.005; 1µg fourth instar, p=0.014; 0.1µg 
fourth instar, p=0.12]), and larvae treated with higher concentrations of JHA had 
the highest levels of mortality (Fig. 2.3b). Some ant species possess a 
supernumerary instar associated with queen development (Nijhout and Wheeler, 
1982), but we did not observe this in H. saltator. However, we did observe a 
delay in pupation (2-5 days) associated with JHA treatment at some 
concentrations, which may have allowed larvae to feed longer (Wilcoxon signed 
rank test: [10µg fourth instar, N=9, p=0.018; 5µg fourth instar, N=8, p=0.091; 
1µg fourth instar, N=9, p=0.018; 0.1µg fourth instar, N=10, p=0.12; Fig. 2.3c).  
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DISCUSSION 
 We examined the role of JH in queen determination in H. saltator and 
identified a JH-sensitive period during larval development where queen 
determination can be induced. This sensitive period occurs during the last two 
larval instars (Fig. 2.3), which is relatively late compared to ants previously 
studied (Nijhout and Wheeler, 1982). H. saltator is from the morphologically 
primitive subfamily Ponerinae and retains a number of ancestral characteristics, 
so it is likely that this late switch represents an ancestral condition in ants. These 
results shed light on the evolution of caste development and raise further 
questions about how the switch controlling queen development has changed 
within the social Hymenoptera. 
 In order to investigate the role of JH in queen development in H. saltator, 
we first described the developmental stages of this species. We developed a 
method to quickly identify larval instars in this species whereby larvae could be 
separated based on size and then compared under a microscope to distinguish 
among similar instars. Using this technique, we identified four larval instars in H. 
saltator, which is consistent with instar number in other ponerine species 
investigated (see references in Solis et al., 2010).  
The JH-sensitive period for caste determination occurred during the last 
two instars, where application of JHA induced queen development in third and 
fourth instar larvae but did not significantly influence development of early 
instars. Workers of H. saltator can successfully inhibit queen determination by 
biting JHA-treated larvae (Penick and Liebig, 2012), so it is possible that workers 
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were able to inhibit queen development when early instars were treated. However, 
this was unlikely because workers were rarely observed biting JHA-treated first 
and second instar larvae while biting was observed in almost all cases when later 
instars were treated with JHA. It is likely that even lower doses of JHA would 
have induced queen development in third and fourth instar larvae if biting were 
absent, but we could not dissociate biting from our treatments since workers were 
needed to care for developing larvae. A small portion of first and second instar 
larvae did developed as queens in our trials, but this may be due to the fact that 
JHA is more stable than natural JH III and can persist inside the body for an 
extended period of time (Bigley and Vinson, 1979; Quistad et al., 1975). It is 
likely that residual JHA may have affected queen development of first and second 
instar larvae if it was still present in later instars. Overall, our results provide 
strong evidence that the switch between queen and worker development occurs in 
late instar larvae, and even larvae near the end of larval development remained 
bipotential.  
 The response to JHA treatment was dose dependent, which suggests that 
there is a threshold level that JH must pass in order to trigger queen development. 
It is likely that nutritional factors earlier in larval life are translated into increased 
JH levels during this sensitive period (Mutti et al., 2011). If larvae gain sufficient 
resources prior to this period then JH levels may surpass the threshold needed to 
induce queen development, and larvae will molt into queens during the pupal 
stage. The strongest effect of JHA treatment on queen determination in H. saltator 
occurred in the last instar, and it is during this instar that larvae experienced the 
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greatest period of growth. In Pheidole bicarinata, high doses of JHA extended the 
larval period when larvae were induced to develop into soldiers and may have 
allowed them to feed longer (Wheeler and Nijhout, 1983). We found evidence 
that JHA delayed pupation by several days in H. saltator, which may have 
allowed larvae to gain the excess resources needed for developing into the larger 
queen morph.  
In the honey bee, Apis mellifera, a longer feeding period is not required 
for the increased larval growth of queens. In fact, queens develop slightly faster 
than workers in Apis mellifera and grow nearly twice the size (Winston, 1991). 
Interestingly, we did not observe a difference in development times between 
workers and males in H. saltator despite finding evidence that males gain close to 
25% more mass than workers during the larval stage. Similar to honey bee 
queens, it appears that males experience a faster growth rate than workers, and 
this means it is possible that queens of H. saltator exhibit an increased growth 
rate as well. Further investigation of development times under natural conditions 
could provide information into how larval metabolism, growth, and caste 
determination are related in this species. 
 A significant implication of our results is that the timing of the JH-
sensitive period for caste determination in ants shifted from late in the larval stage 
to early in development over evolutionary time. A late JH-sensitive period is 
common among bees (Copijn et al., 1979; Hartfelder et al., 2006; Wirtz and 
Beetsma, 1972) but so far has not been clearly demonstrated in ants except in 
cases where larvae have already passed through an overwintering stage (Brian, 
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1974). With respect to size dimorphism between queens and workers, H. saltator 
may be more similar to bees than to other ant species. Queens of H. saltator are 
approximately 1.7 times the size of workers (Peeters et al., 2000), and queens of 
Apis mellifera are 2 times the size of honey bee workers (Winston, 1991). In 
contrasts, queens of other ant species can be 20 times the size of their average 
worker (Fjerdingstad and Crozier, 2006). In order to generate this large difference 
in size it may be necessary for the period of caste determination to occur earlier in 
development in species with greater queen-worker dimorphism. Wheeler (1986) 
predicted that early caste determination may have contributed to the evolution of 
additional worker castes, and a separate phylogenetic analysis found a positive 
correlation between levels of queen-worker dimorphism and the degree of worker 
polymorphisms among ants (Fjerdingstad and Crozier, 2006). Our results provide 
support for the mechanism, where we identified a late switch for queen 
determination in a species with low dimorphism. If this late switch is conserved 
among species with low dimorphism, then it is possible that this may have 
decreased the potential for these species to develop additional worker castes.  
Selection for larger queen size may have promoted the evolution of earlier 
queen determination. A physiological change in growth rate earlier in 
development may translate into increased adult size without requiring a 
significantly longer period. Larger queens generally have increased fecundity due 
to an increase in ovary size (Peeters, 1997). This translates into a higher egg-
laying rate, which may also allow for the development of larger colony sizes. 
Another advantage of increased size is that larger queens may possess enough 
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resources to found a colony without having to forage (Johnson, 2002; Peeters and 
Ito, 2001). Early caste determination may have also evolved in order to reduce 
social conflict. Under some conditions a larva may benefit from developing into a 
queen rather than a worker even if excess queen production comes at a cost to the 
colony as a whole (Bourke and Ratnieks, 1999). Early caste determination may 
give workers more flexibility to control larval development and prevent selfish 
queen determination. Even in the absence of conflict it may benefit workers to 
prevent "mistakes" in development that could cause a larva to develop as a queen 
out of season (Penick and Liebig, 2012). Conflict may also occur between queens 
and workers over sex ratio (Mehdiabadi et al., 2003). If caste determination 
occurs inside the egg, then it may give the queen greater control over caste and 
allow her to bias sex ratios in her favor. 
 While it is clear that the switch for caste determination has shifted earlier 
in development, it is still not clear how this shift occurred during evolution. The 
simplest explanation is that the switch gradually shifted over time, and changes in 
the timing of JH release or tissue sensitivity could have facilitated this. 
Alternatively, some species are known to develop multiple critical points to 
control polyphenic development, such as the dung beetle Onthophagus taurus. In 
O. taurus, application of JH during the last larval instar can suppress horn 
development in male beetles but an increase of JH during the prepupal period 
induces horn development (Emlen and Nijhout, 2001; Hartfelder and Emlen, 
2005). Ant species are already known to possess multiple JH-sensitive periods for 
caste determination, such as Pheidole where early sensitive periods control queen 
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determination and later periods control soldier development. Recently, two 
distinct critical periods were found within the same instar in Pheidole 
obtusospinosa, and application of JH to soldier pupae induced the development of 
super-soldiers (Rajakumar et al., 2012). It is possible that multiple switch points 
originally evolved to regulate queen development in ants, but that late JH-
sensitive periods were either lost or switched function to regulate worker caste 
polyphenisms.  
 Most studies on caste determination, including this study, have used JH 
manipulation experiments to identify critical periods for caste determination, but 
few studies have measured actual hormone levels. Measurement of hormone 
levels throughout development may reveal additional sensitive periods for caste 
determination as well as possible interactions between JH and other hormones, 
such as ecdysteroids. While our results provide new information about the 
ancestral control of caste determination in ants, this work should be expanded by 
investigating additional species and using new methods to gather information 
about how this switch evolved. 
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Table 2.1 Growth parameters of H. saltator (held at 25ºC; N=10 colonies).   
 Duration median/range Length 
Mass 
mean±SD/range 
Egg 29 days 27-31 - - 
Instar I 3 days 2-5 1.3-2.0mm 
1.01±0.42mg 
0.31-1.56 
Instar II 3 days 2-5 2.0-2.9mm 
3.05±1.12mg 
0.77-4.89 
Instar III 4 days 3-5 2.9-4.1mm 
7.59±3.25mg 
2.09-14.97 
Instar IV 7.5 days 6-9 4.1-6.5mm 
28.38±15.26mg 
7.72-53.03 
Pupa 32 days 31-35 - - 
Total 78.5 days   
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Table 2.2 Induction of queen development in colonies of H. saltator† 
Instar JHA treatment 
Colonies producing 
queens 
(JHA/control) 
Colonies with biting 
observed 
(JHA/control) 
4th 10µg  4 / 1 10 / 1* 
4th 5µg 6 / 0* 10 / 0* 
4th 1µg 7 / 2* 9 / 0* 
4th 0.1µg 4 / 0 6 / 0* 
3rd 0.5µg 5 / 0* 5 / 1* 
1st/2nd 0.2µg 3 / 1 0 / 0 
†asterisks indicate p<0.05 
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Figure 2.1 Larval morphology of H. saltator. (A) SEM of a fourth instar larva 
showing the head with complete mouthparts (mandibles-yellow; maxillae-red; 
labrum-purple; labium-orange). (B) SEM of larval tubercles, which are present on 
all instars and aid in identification of instar number. 
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Figure 2.2 Effect of JHA on queen development in each larval instar. Mean±SD 
of the percent of female brood that developed as queens in each colony. JHA 
significantly increased queen development in third and fourth instar larvae but not 
in early instars. Asterisks indicate p<0.05 between treatment and control groups 
(N=10). 
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Figure 2.3 Dose dependent effect of JHA on fourth instar larvae. Mean±SD of 
(A) the percentage of female brood that developed into queens, (B) larval 
mortality, and (C) the length of time required until three pupae were present 
(higher values indicate delayed pupation). (JHA treatment–solid; control–dashed). 
Asterisks indicate p<0.05 between treatment and control groups. 
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Figure 2.4 Proposed mechanism of queen determination in H. saltator. Increased 
JH in third and fourth instar larvae leads to queen development (roman numerals 
indicate instars), while larvae with lower JH levels develop into workers. Queens 
are 1.7 times the size of workers by dry weight (Peeters et al., 2000) and possess 
functional wings until after mating flights when the wings are dropped. 
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CHAPTER 3 
REGULATION OF QUEEN DEVELOPMENT THROUGH WORKER 
AGGRESSION IN THE ANT HARPEGNATHOS SALTATOR 
 
ABSTRACT 
 Extreme developmental plasticity within the eusocial insects defines the 
separation between the queen and worker castes. The switch between these two 
developmental pathways is thought to be under tight social control. While a large 
emphasis has been placed on the effect of larval nutrition on caste determination, 
workers of many species have no direct control over larval feeding.  This may be 
particularly relevant to the early evolution of ants, when behaviors that allow fine 
control over larval nutrition, such as mouth-to-mouth food exchange between 
larvae and workers, were probably not yet present. We investigated larval-
directed aggression as an alternative means to regulate queen development in the 
ant Harpegnathos saltator, a species that retains ancestral characteristics. We 
tested worker response towards natural queen-destined larvae and larvae induced 
to develop as queens using a juvenile hormone analog (JHA). Workers from 
colonies that were not rearing queens bit queen-destined larvae while worker-
destined larvae were not attacked. When colonies were naturally rearing queens, 
workers did not bite JHA-treated larvae, and a larger proportion of these larvae 
developed into queens compared to larvae that received biting. This supports the 
hypothesis that workers of H. saltator use biting to inhibit queen development 
during periods when the conditions for queen rearing are not met. We propose 
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that mechanical stress, in addition to nutrition, could serve as a mechanism to 
regulate queen development in species that lack fine control over larval food 
consumption, and this may have played a role during the early evolution of 
eusociality in ants. 
 
INTRODUCTION 
 In nature, some organisms display a striking degree of developmental 
plasticity where a single genotype can produce multiple, discrete forms in 
response to environmental variation. These alternative forms are termed 
“polyphenisms” (Mayr, 1963; Nijhout, 2003; West-Eberhard, 1989), and species 
where polyphenisms occur have traditionally served as models for understanding 
basic principles of developmental regulation (Hartfelder and Emlen, 2005; 
Nijhout, 1999; Simpson et al., 2011; West-Eberhard, 2003). In solitary species, 
the switch between these alternative forms is determined by environmental 
factors, but development in social species may be regulated via behavioral 
interactions. This is particularly relevant to the production of the queen and 
worker castes in social insects, where alternative morphologies define a 
reproductive division of labor (Wilson, 1971). The behaviors workers use to 
regulate caste development, therefore, represent a fundamental aspect of the 
evolution of social insect castes and should have played an important role during 
the early evolution of eusociality. 
 With few exceptions (Cahan et al., 2002; Schwander et al., 2010; Smith et 
al., 2008), social insect larvae are totipotent and their caste fate is regulated 
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through interactions with adult workers. Worker control over larval nutrition has 
been considered the major factor used to regulate caste in the eusocial 
Hymenoptera (ants, wasps, and bees) (Hunt, 1991; Wheeler, 1986). This is 
exemplified by the honey bee, Apis mellifera, where queens are fed a special diet 
of royal jelly. Components of this diet initiate a cascade of transcription and 
endocrine changes that leads to queen development (Kamakura, 2011; Mutti et al., 
2011; Winston, 1991). In other social insect species, workers and larvae share 
food directly through mouth-to-mouth food exchange (trophallaxis); workers may 
inhibit queen development through “nutritional castration” by restricting larval 
access to food or by forcing larvae to regurgitate excess food (Hunt, 1991; 
Wheeler, 1986).  
 There are species, however, where workers lack behaviors that allow for 
direct control over larval food consumption (Hölldobler and Wilson, 1990) or 
where differences in larval nutrition do not completely explain differences in 
caste (Suryanarayanan et al., 2011; Wenseleers et al., 2004). This may be 
especially pertinent for the early evolution of ants, where distinct queen and 
worker castes are already present in the earliest known ant fossils (Wilson, 1987). 
In most ants, larval development is thought to be regulated via trophallaxis 
between larvae and adult workers, but trophallaxis between larvae and adults is 
considered a derived trait (Peeters, 1997). In species that display ancestral 
characteristics—an absence of trophallaxis, low queen-worker dimorphism, 
predatory behavior, etc.—larvae feed more or less independently on insect prey 
that is carried into the nest by foragers. In these species it is unlikely that workers 
 36 
could control larval caste development exclusively through differential feeding. If 
regulation of caste is required, then other means should exist. 
 There is evidence that mechanical stress, in addition to nutritional factors, 
may affect larval development in other insect species. Direct evidence for this has 
been found in the flour beetle Tribolium castaneum, where mechanical stress 
caused a 54% reduction in larval growth and 55% reduction in weight gain 
(Hirashima et al., 1993; Hirashima et al., 1992). With respect to caste 
development in the social insects, there has been previous speculation that 
mechanical stress may be used to inhibit queen development in wasps (Jeanne, 
2009), and observations of antennal drumming in Polistes fuscatus have been 
linked to regulation of caste development (Suryanarayanan et al., 2011). In the ant 
Myrmica, workers have been observed biting queen-destined larvae at the end of 
the breeding season, piercing the larval cuticle, and a portion of these larvae 
revert to worker development (Brian, 1973). In the context of these previous 
studies, we hypothesized that mechanical stress may serve as a mechanism for 
workers to regulate queen development in ants. This may be particularly relevant 
to species from the relatively basal subfamily Ponerinae, whose members share a 
number of ancestral characters in morphology and behavior that limit worker 
control over larval feeding (Peeters, 1997; Schmidt, 2009). 
 We chose the Ponerine ant Harpegnathos saltator as a model to 
investigate caste regulation in species where adult workers have limited control 
over larval feeding. Adult workers of this species do not engage in trophallaxis 
with larvae, a trait shared by other Ponerine species (Hölldobler and Wilson, 
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1990; Liebig et al., 1997). Foragers of H. saltator are predatory hunters, and 
larvae feed more or less independently on whole insect prey carried into the nest. 
Queen-worker dimorphism is low (adult queens are 1.7 times larger than workers 
by dry weight) and larvae remain capable of developing into either queens or 
workers until late in the final instar (Penick et al., 2012b). Additionally, larvae of 
H. saltator are mobile and capable of self-organizing around insect prey without 
assistance from adult workers. The combination of these factors makes H. saltator 
a prime candidate for investigation of the regulation of caste development in a 
species that lacks fine control over larval nutrition.  
 In laboratory colonies of H. saltator, we observed workers biting larvae, but 
unlike other ant species where similar biting has been observed (Brian, 1973; Ito 
and Billen, 1998; Masuko, 1986), workers of H. saltator do not penetrate the 
larval cuticle (personal observation CP and JL). Based on our observations, we 
predicted that larval-directed biting may be used by workers to inhibit queen 
development during periods when the colony is not rearing new queens (i.e. 
outside of the breeding season or during early stages of colony growth). To 
investigate the role of larval-directed biting, we developed a method to induce 
larval queen development in colonies that were not normally rearing queens using 
the juvenile hormone analogue (JHA) methoprene. Juvenile hormone (JH) has 
been previously shown to play a role in queen development in ants, honeybees 
and bumblebees (Cnaani et al., 1997; Rachinsky and Hartfelder, 1990; Wheeler, 
1986), as well as soldier development in ants and termites (Lüscher and 
Springhetti, 1960; Rajakumar et al., 2012; Wheeler, 1990; Wheeler and Nijhout, 
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1981). Using this method, we predicted that workers of H. saltator would 
preferentially bite queen-destined larvae (compared to worker-destined larvae) 
and that biting would cause a significant portion of these larvae to revert towards 
worker development. While previous research in the eusocial Hymenoptera has 
focused on nutrition as a means to regulate queen development, here we provide 
insight into how mechanical stress may serve this function in ants. Factors aside 
from control over larval nutrition may have been important during the early 
evolution of morphological castes, and we predict that mechanical stress may be 
used to regulate caste development in other social insect species. 
 
METHODS 
JH application and induction of queen development  
 To confirm that JHA application could induce queen development in H. 
saltator, we tested the effect of topical application of JHA on final instar larvae 
(4th instar). For each of ten mature colonies, 20-30 fourth-instar larvae (4.1-
6.5mm in length) were collected and divided evenly between two nest boxes 
containing 20 workers. Because we could not distinguish larval sex until after 
pupation, both male and female larvae were included in this study. Each group 
was fed live crickets (Acheta domesticus) ad libitum. In the treatment group, the 
JHA compound methoprene (Chem Service, West Chester, PA) was suspended in 
acetone and applied topically. Individual larvae received 0.25-0.5µg JHA per mg 
larval weight dissolved in 1µl of acetone. Control larvae were treated with 
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acetone only. Caste was determined during the pupal stage by opening pupal 
cocoons and identifying queens based on the clear presence of wing buds.  
 
Biting response  
 We predicted that biting may be used to inhibit larval queen development 
in H. saltator based on previous observations of workers biting larvae in this 
species (personal observation CP and JL). To quantify the level of biting received 
by larvae induced to develop as queens, we established colonies as described 
above and introduced JHA-treated larvae and control larvae (worker-destined). 
Larvae received a 1µl topical application of either the JHA solution (0.25-0.5µg 
JHA per mg larval weight) or an equivalent amount of the acetone solvent for the 
control. Behavioral observations were made between 18-24hrs after treatment and 
consisted of three 10min observation sessions per colony evenly spaced over a 6hr 
period. All occurrences of biting were recorded during this observation period. An 
aggressive interaction was distinguished from larval grooming by observation of 
workers repeatedly biting larvae using the two protrusions at the base of each 
mandible. This often caused larvae to react with a reflexive head jerk, which has 
not been observed during grooming. Prolonged encounters between the same 
larva and worker were counted as a single aggressive interaction. After 24hrs, 
larvae were exchanged between treatment and control groups to control for the 
possibility that exposure of adult workers to JHA would influence their behavior. 
Behavioral observations were continued 18-24hrs after larvae were exchanged. 
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 To control for any effects of JHA not related to queen development, we 
conducted a second experiment where we provided naturally produced queen 
larvae and worker-destined larvae (4th instar) to non-queen producing colonies to 
observe worker response. Queen-destined larvae were initially identified based on 
their larger size compared to worker-destined larvae, and a portion of these larvae 
were reared to pupation to confirm that they developed into queens. To ensure 
that worker-destined larvae were not males, we reared all larvae to pupation after 
the experiment and excluded male larvae from our analysis. The number of biting 
events was quantified over 5 minutes after the larva was introduced, and the tests 
were conducted blind with regard to caste fate. A total of 51 larvae were taken 
from 10 colonies producing queens, and an equivalent number of larvae were 
tested from colonies that were not producing queens. To ensure that the larvae 
used in the experiment were truly queen-destined or worker-destined, 1-7 larvae 
from each colony used in this experiment were isolated with ten workers. 
Additional nestmate larvae of all size classes (~25) were also included in these 
groups to assist with the breakdown of insect prey because adult workers will 
cannibalize larvae if they cannot sufficiently feed on crickets (personal 
observation). After 8-10 days, we opened all pupal cases to confirm that queens 
were produced.  
 To investigate whether workers from colonies naturally rearing queens 
would not bite JHA treated larvae, we removed all brood from 6 queen-rearing 
colonies and provided them with JHA treated larvae from a foreign colony. These 
were 4th instar larvae treated with 0.25-0.5µg JHA per mg larval weight. Half of 
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these JHA treated larvae were also provided to a colony that had not been rearing 
queens. Beginning 24hrs after larval treatment, larval-directed biting was 
compared between both groups based on three 10-minute observation sessions 
separated by at least two hours. After all treated larvae had pupated, we 
determined the caste of larvae in each group (worker or queen) to assess the effect 
of worker biting on the inhibition of queen development. 
 
Larval feeding  
 While biting may serve as a mechanism to regulate queen development in 
H. saltator, this does not rule out worker control over larval feeding as another 
potential mechanism. We conducted two experiments to examine the effects of 
worker control over larval feeding. In the first experiment we examined whether 
differences in larval feeding occur between JHA-treated larvae that received 
biting and worker larvae. We fed JHA-treated larvae crickets ad libitum and 
compared larval weight gain in these groups with control larvae that were either 
fed ad libitum or were starved over a two day period. Ten groups from separate 
colonies were established for each of three treatments. Boxes contained 5 larvae 
and 10 workers, and controls were treated with acetone. The combined weight of 
all 5 larvae was taken at the start of the experiment, at 24hrs, and at 48hrs after 
treatment.  
 In the second experiment, we compared food consumption during the first 
twelve hours after JHA treatment (before workers began to bite larvae) and from 
12-24hrs after treatment when worker biting occurred. This experiment was 
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designed to examine changes in larval feeding that occurred before and after 
workers began biting larvae to test whether workers actively restricted larval 
feeding when they perceived larvae as queen-destined. Groups from 10 separate 
colonies were established with 5 larvae and 10 workers. In one group, larvae 
received 5 pre-stung crickets immediately after JHA or acetone. Cricket mass was 
measured at the beginning of the experiment and after 12hrs to estimate the 
cricket mass consumed. In the second group, larvae did not receive crickets until 
12hrs after treatment (i.e. at the onset of worker biting). We measured the cricket 
mass consumed during the period 12-24hrs after JHA treatment.  
 
Statistical analyses  
 To test for the effect of JHA on queen development, we used the 
Cochran’s test for binary data to compare the number of colonies producing 
queens in both treatments. Data from behavioral experiments were not normally 
distributed, and differences among groups were tested using non-parametric 
Kruskal-Wallis and multiple comparisons tests. For experiments on larval 
feeding, the data were normally distributed, and had equal variance (Bartlett’s 
test, p >0.05: [larval weight gain experiment; initial, p=0.94; 24hrs, p=0.28; 
48hrs, 0.15]; [cricket consumption experiment, p=0.19]). In these cases, data were 
analyzed by parametric tests including ANOVA and Tukey HSD for multiple 
comparisons. Tests were performed using Statistica version 9 (StatSoft, Tulsa, 
OK, USA). 
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RESULTS 
Induction of queen development  
 To test the effect of JH on larval queen development, we treated larvae of 
H. saltator with either methoprene (JH analog) or acetone as a control. Topical 
treatment of JHA induced queen development in 70% of treatment colonies while 
no queens developed in the control (Cochran’s test, N=10, p=0.008) (Table 3.1). 
For this experiment, caste and sex was determined at the pupal stage. Previous 
trials revealed that JHA-treated larvae rarely eclosed from the pupal stage, a result 
consistent with the use of methoprene as an insecticide to disrupt pupal 
development (Dhadialla et al., 1998). In these previous trials we observed workers 
eating queen, worker and male pupae, and this indicated that workers were not 
specifically culling one caste or sex.  
 
Biting response  
 We investigated worker response to larvae induced to develop as queens 
by providing colonies with either JHA-treated larvae or control-treated larvae. On 
day 1, workers responded toward JHA-treated larvae with a high frequency of 
biting (Median: 17 bites per 30min, N=10), and little biting was directed toward 
control larvae (Median: 0 bites per 30min, N=10; Fig. 3.1a). On day 2, larvae 
were exchanged between worker groups to control for possible effects of residual 
JHA on worker behavior. The frequency of biting showed a similar pattern to day 
one, with a higher frequency of biting directed toward JHA-treated larvae 
(Median: 11.5 bites per 30min, N=10) compared to controls (Median: 0.5 bites 
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per 30min, N=10). Overall, worker biting was directed towards JHA treated 
larvae compare to control-treated larvae in all trials (Kruskal-Wallis, df=3, 
p<0.0001; multiple comparisons: [JHA day1 vs. control day1, p<0.0001], [JHA 
day1 vs. control day2, p<0.001], [JHA day2 vs. control day1, p=0.002], [JHA 
day2 versus control day2, p=0.025]; Fig. 3.1a). We did not find evidence that 
JHA influenced adult behavior, and workers that had been previously biting JHA-
treated larvae switched to normal brood care when they were given control larvae. 
Examination of larvae that received biting did not reveal signs that workers 
penetrated the cuticle or caused physical damage. 
 Time-lapse video surveillance showed that worker biting began, on 
average, 11hrs and 8mins after JHA treatment (Range: 8.4-15hrs, N=10). During 
the interval before biting occurred, workers retrieved larvae, brought them into 
the nest, and arranged them in a clustered group. When larvae were bitten by 
workers, they responded with a characteristic head jerk. This behavior could be 
artificially induced by pinching larvae with forceps. Pinching at the base of the 
neck triggered the head jerk in all cases, while pinching the main body did not 
lead to any visible response (Cochran’s test, N=20, p<0.001). In each trial, the 
head jerk was accompanied by the expulsion of clear liquid from the anal pore, 
but there was no evidence that workers consumed this liquid. 
 Naturally-produced queen larvae were also used to test worker response to 
control for effects of JHA treatment not associated with queen development (e.g. 
presence of a foreign chemical on the larval cuticle). When naturally produced 
queen larvae were presented to worker groups, workers responded with a high 
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frequency of biting (Median: 4.5 biting events over 5min), while worker-destined 
larvae were rarely bitten by workers (Median: 0.02 biting events over 5min). 
Queen larvae received a significantly higher frequency of biting compared to 
worker larvae (Wilcoxon signed rank test, N=10, Z=2.80, p=0.005; Fig. 3.1b). In 
all cases, worker-destined larvae were groomed and placed with other larvae 
inside the nest. We confirmed that the colonies used as the source for queen-
destined larvae were in fact rearing queens by allowing worker groups to rear a 
portion of these larvae to the pupal stage where caste could be assessed; larvae 
from colonies used for the source of queen-destined larvae produced queens in all 
cases (N=10), while larvae from control colonies produced no queens (N=10). 
 Workers from colonies rearing queens bit JHA-treated larvae at a lower 
frequency than workers from colonies rearing workers (Wilcoxon matched pairs 
test, N=6, Z=2.20, p=0.028; Fig. 3.1c). Larval mortality determined at the pupal 
stage did not differ between groups (Wilcoxon matched pairs test, N=6, Z=0.41, 
p=0.69); however, a greater proportion of queens were produced in colonies 
where larvae did not receive high levels of biting, while colonies where biting did 
occur produced a higher frequency of workers (Wilcoxon matched pairs test, 
N=6; [queens produced in biting vs. non-biting colonies, p=0.028]; [workers 
produced in biting vs. non-biting colonies, p=0.028]; Fig. 3.1d).   
 
Larval food consumption  
 In addition to biting, we found effects of JHA-treatment on larval feeding 
behavior. First, JHA treatment was associated with a reduction in larval weight 
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gain (Initial: ANOVA, df=2, n=30, p=0.92; 24 hours: ANOVA, df=2, n=30, 
p=0.0014; Tukey HSD multiple comparisons: [starved vs. JHA treated, p=0.17], 
[starved vs. control, p<0.001], [JHA treated vs. control, p=0.02]; 48 hours: 
ANOVA, df=2, n=30,p<0.0001; Tukey HSD multiple comparisons: [starved vs. 
JHA treated, p=0.028], [starved vs. control, p<0.001], [JHA treated vs. control, 
p<0.001]). JHA-treated larvae gained 82% less mass than control larvae over 
48hrs, even with excess food provided to both groups (Fig. 3.2a). The final mass 
of JHA-treated larvae 48hrs after treatment was 12.6±2.5mg (mean±SD) 
compared to 15.9±3.0mg for control larvae (N=10). Despite a reduction in weight 
gain, JHA-treated larvae still weighed more than larvae that were completely 
starved (mean±SD: 10.6±1.7mg, n=10).  
 Second, differences in larval feeding did not occur until after workers 
perceived larvae as queen destined (12hrs after treatment) and began targeting 
larvae with biting (ANOVA, F=4.73, df=3, p=0.007; Tukey HSD multiple 
comparisons: [JHA treated 12-24hrs vs. control 0-12hrs, p=0.006], [JHA treated 
12-24hrs vs. control12-24hrs, p=0.036], [JHA treated 0-12hrs vs. control 0-12hrs, 
p=0.27], [JHA treated 12-24hrs vs. JHA treated 0-12hrs, p=0.34], [JHA treated 0-
12hrs vs. control 12-24hrs, p=0.65], [control 0-12hrs vs. control 12-24hrs, 
p=0.90]; Fig. 3.2b). When larvae were allowed to feed during the first 12hrs after 
treatment (before worker biting occurred), the mean cricket mass consumed by 
JHA treated larvae (14.0±6.1mg; mean±SD) was 33% less than controls 
(20.9±9.4mg; mean±SD), although this difference was not significant (Fig. 3.2b). 
In larvae that were fed after worker biting began (12-24hrs after treatment), the 
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cricket mass consumed by JHA treated larvae (7.8±5.9mg; mean±SD) was less 
than half the amount consumed by controls (18.4±10.8mg; mean±SD), and this 
difference was significant. 
 
DISCUSSION 
 We identified worker aggression towards larvae as a potential factor in 
regulating caste development in the early evolution of ant eusociality. The 
regulation of caste in social insect species cannot be completely explained by 
differences in larval nutrition because many species lack behaviors, such as 
trophallaxis, that allow fine control over larval nutrition (Peeters, 1997). We 
provide evidence for an additional mechanism to regulate caste in ants: 
mechanical stress. Workers of H. saltator preferentially bit queen-destined larvae 
whether they were induced to develop as queens using JHA or if natural queen-
destined larvae were introduced to a non-queen producing colony. Our results 
indicate that workers from non-queen producing colonies specifically targeted 
queen-destined larvae to receive biting and were not responding to other factors. 
Such aggressive behavior toward queen-destined larvae may also be expected in 
other ant species with ancestral characters. 
 Application of JHA induced queen development as late as the final larval 
instar, showing that female larvae of H. saltator remain totipotent until near the 
end of the larval period. Queens and workers of this species have relatively small 
size dimorphism (queens of H saltator weigh 1.7 times more than workers by dry 
weight (Peeters et al., 2000) compared to queens of the fire ant Solenopsis invicta, 
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which are 25 times heavier than the average worker (Tschinkel, 2006)). Queen 
development in species that display high queen-worker dimorphism is often fixed 
early in development, even inside the embryo (Passera and Suzzoni, 1979; 
Schwander et al., 2008). In contrast, H. saltator larvae may be capable of crossing 
the threshold between queen and worker development late in the larval period. 
Under these conditions, restriction of larval feeding alone may not be effective to 
inhibit queen development if a larva has already consumed enough food to 
develop into a queen. 
 The observation that workers from non-queen producing colonies bite 
queen-destined larvae suggests that they try to inhibit queen development during 
periods when queen production is not beneficial to workers—e.g. outside of the 
normal season for sexual production or when the colony does not have sufficient 
resources. This hypothesis was supported, as workers from colonies that were 
naturally rearing queens did not bite JHA treated larvae. Furthermore, these larvae 
developed into queens at a higher proportion than larvae that received biting, 
which suggests that biting successfully reverted JHA-treated larvae to worker 
development. 
 We propose that biting may be necessary to regulate caste in this species 
because workers do not have fine control over larval feeding, and larvae remain 
bipotent until the last stages of larval development. We found some evidence, 
however, that workers do restrict larval feeding in H. saltator when queen 
development is induced using JHA. JHA-treated larvae showed reduced weight-
gain during the first days after treatment and they consumed less food than 
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controls, especially after the onset of biting. This suggests that workers restricted 
larval food consumption to some degree; however, workers may not be able to 
fully suppress queen development if larvae have already consumed food in 
excess. In this case biting may be the most effective mechanism to suppress queen 
development. In species where larvae and adults share food through trophallaxis, 
workers can induce larvae to regurgitate food that they have already consumed 
(Hunt, 1991). 
 Without trophallaxis, some ant species use alternative means to sequester 
resources from larvae, such as the so-called “dracula ants” (subfamily 
Amblyoponinae) whose workers bite larvae and feed on larval hemolymph 
directly (Masuko, 1986), or the ant Leptanilla japonica whose larvae possess 
specialized “hemolymph taps” that allow workers to feed on hemolymph without 
puncturing the larva (Masuko, 1989). In the ant Myrmica, workers bite queen-
destined larvae at the end of the breeding season to inhibit queen development 
(Brian, 1973). While there is no evidence that workers of Myrmica feed on larval 
hemolymph, they do rupture the outer cuticle and produce visible scars on larvae 
(although pinching larvae with forceps induced the same response). In contrast, 
workers of H. saltator do not penetrate the cuticle when they bite sexual larvae 
and no visible scars appear on larvae after they have been attacked. This implies 
that the stress induced by biting affects larval development directly and is not 
related to loss of hemolymph or physical damage. A second difference between 
the behavior in Myrmica and H. saltator is that Myrmica species represent the 
derived condition where workers and larvae both share food through trophallaxis 
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(Creemers et al., 2003). The biting response in Myrmica appears to be used as a 
last resort when larvae have already passed the threshold toward queen 
development. Nevertheless, the example in Myrmica illustrates that biting may 
serve as a mechanism to regulate caste under some circumstances even when a 
species has developed mechanisms for controlling larval feeding.  
 Predatory behavior, a lack of trophallaxis and low queen-worker 
dimorphism are considered ancestral characteristics in ant evolution (Hölldobler 
and Wilson, 2009; Peeters, 1997), and all three reduce the efficacy of nutritional 
control as a means to regulate caste. This suggests that factors in addition to larval 
nutrition may have been important during the early evolution of ants for the 
production of reproductive and sterile castes. Similar to H. saltator, mechanical 
stress may be an important mechanism for caste regulation in other species where 
fine control over larval nutrition is not possible, such as other predatory ants and 
wasps. This is supported by observations of larval-directed biting and hemolymph 
feeding in other species of predatory ants (Ito and Billen, 1998; Masuko, 1986, 
1989), and the description of antennal drumming in the paper wasp Polistes 
fuscatus as a mechanism to inhibit queen development (Suryanarayanan et al., 
2011). In this species, larvae are prevented from developing as queens when they 
receive a specific frequency of vibration (17Hz) while other frequencies are not 
effective. This indicates that antennal drumming may serve as a mechanical signal 
rather than a general stressor. There is also evidence that pheromones, rather than 
nutritional factors, directly influence larval fate in ants in the genera 
Odontomachus and Tetraponera, both members of relatively basal subfamilies 
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(Ponerinae and Pseudomyrmecinae) (Colombel, 1978; Terron, 1977), as well as in 
the stingless bee Melipona beecheii, where differences in larval nutrition alone do 
not explain differences in caste (Jarau et al., 2010).  
 These examples emphasize the importance of mechanisms aside from 
nutrition to regulate caste in species that have low queen-worker dimorphism or 
other limitations on regulation of larval provisioning. In more derived species, 
where workers have greater control over larval feeding, nutritional regulation of 
caste may be the most reliable mechanism. There is evidence in bumble bees and 
some ants that queens produce a pheromone that causes workers to underfeed 
larvae, and removal of the queen can induce workers to rear larvae into new 
queens (Wheeler, 1986). In the harvester ant Pogonomyrmex badius, Smith et al. 
(2008) found that queen-destined larvae had higher nitrogen content and fed at a 
higher trophic level compared to worker-destined larvae suggesting that food 
quality may play a role in caste development in this species similar to the honey 
bee. In some cases, queen determination may be triggered by maternal effects 
incorporated into the egg (Cahan et al., 2011; Passera and Suzzoni, 1979; 
Schwander et al., 2008) or, in some highly derived instances, caste may be 
determined genetically (Cahan et al., 2002; Schwander et al., 2010). 
 In H. saltator, queen development results from interactions between larval 
nutrition, hormones, and behavioral regulation. From this information we can 
create a model for how queen production is regulated in this species. Larvae 
remain bipotential until late in development (the fourth instar). If the 
environmental conditions for queen production are met, adult workers may allow 
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larvae to feed in excess, triggering a rise in JH production that ultimately leads to 
queen development. However, if a larva approaches the threshold between queen 
and worker development and conditions for queen production are not met, 
workers may restrict larval feeding and use biting to revert larvae to the worker 
trajectory. The physiological response to biting is not yet known, but it may 
inhibit JH production via differences in biogenic amine release, and this in turn 
may affect gene transcription associated with queen development (Barchuk et al., 
2007; Patel et al., 2007; Smith et al., 2008). Vibration and mechanical stress have 
been shown to affect biogenic amine levels in other insects (Davenport and 
Evans, 1984; Hirashima et al., 1993; Hirashima et al., 1992; Woodring et al., 
1988), and biogenic amines, particularly octopamine, have been shown to affect 
JH synthesis or release (Kaatz et al., 1994; Thompson et al., 1990; Woodring and 
Hoffmann, 1994). 
 Finally, larval nutrition and stress are each known to affect insect growth 
and development (Hirashima et al., 1992; Mirth and Riddiford, 2007), and the 
interaction between these two factors may be required for regulation of caste. 
With increased interests in the proximate genetic factors that influence 
developmental polyphenisms (Emlen et al., 2006; Smith et al., 2008), the effects 
of mechanical stress may provide a novel system to investigate the pathways that 
underlie developmental plasticity. Studies on caste determination in social insects 
have been used as models for understanding developmental plasticity more 
generally, and the integration of alternative factors that regulate development with 
nutritional cues should provide insight into this field.
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Table 3.1 Queen induction by application of JHA to final-instar larvae 
      Total individuals from each caste  
 
Colonies with queen 
development (N=10) 
%Female brood 
developed as queens Queen Worker Male 
JHA treatment 7 57% 12 9 4 
Control 0 0% 0 36 25 
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Figure 3.1 Worker response to queen larvae and the effect of biting. Box plots 
represent median, 25-75%, and range; (a) frequency of biting directed towards 
JHA-treated larvae and control larvae (treated with acetone) (N=10 colonies); (b) 
frequency of biting directed toward natural queen larvae compared to worker 
larvae; (c) frequency of larval-directed biting exhibit toward JHA treated larvae 
by workers from colonies rearing queens or from colonies rearing workers; (d) 
queens and workers produced from JHA-treated larvae that received or did not 
receive biting. A larger proportion of female larvae developed as workers in 
response to biting, while a greater proportion of queens were produced in colonies 
that showed reduced biting. Letters indicate significant differences. 
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Figure 3.2 Larval feeding response. Plots represent Mean±SD. (a) Change in 
larval weight (N=10 groups) over 48hrs in groups that were starved, treated with 
JHA, or treated with the acetone control; (b) Effect of worker biting on larval 
food consumption showing cricket mass consumed (Mean, N=10) by JHA treated 
and control larvae before (0-12hrs) and after (12-24hrs) larval-directed biting 
occurred. JHA-treated larvae consumed less cricket mass than controls, especially 
after the onset of biting. Letters or asterisks indicate p<0.05. 
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CHAPTER 4 
HOW WORKER ANTS IDENTIFY FUTURE QUEENS: A LINK BETWEEN 
JUVENILE HORMONE AND PHEROMONE PRODUCTION 
 
ABSTRACT 
 The complex interactions among social insects are dependent on clear 
communication within these groups. In contrast to what is known about 
communication among adult social insects, there is a dearth of information 
concerning communication between larvae and adults. Workers of the ant 
Harpegnathos saltator use larval-directed biting to inhibit queen development 
during periods when colonies are not rearing new queens. We used this behavior 
as an assay to determine what mechanisms workers use to identify queen-destined 
larvae. In our trial, we found that a queen-specific larval pheromone could be 
transferred from queen to worker larvae by direct physical contact. Contact with 
either the anterior or posterior portion of queen larvae elicited worker biting, 
which shows that the chemical is generally distributed on the larval cuticle. We 
analyzed cuticular hydrocarbon patterns of queen larvae, worker larvae, and 
larvae induced to develop as queens using a juvenile hormone analog (JHA). 
Queens and JHA-treated larvae exhibited an increase in short-chained alkanes 
compared to worker larvae, and this change could be observed within 24 hours 
after JHA treatment. Interestingly, treatment of either male or female larvae with 
JHA elicited worker biting. These results suggest a direct connection between 
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juvenile hormone levels and signal production and provide a link between a 
queen-specific larval pheromone and caste determination. 
 
INTRODUCTION 
 Evolution from solitary to social species coincided with the development 
of new systems for intra-group communication. Social phenotypes are produced 
through an interaction between traits expressed within an individual as well as 
parental care traits that affect their rearing environment (Linksvayer, 2006; 
Linksvayer et al., 2009). This is especially important in the context of parent-
offspring communication. In the eusocial insects, high levels of sociality arose in 
parallel with an expansion of genes associated with olfactory reception (Bonasio 
et al., 2010; Nygaard et al., 2011; Smith et al., 2011a; Smith et al., 2011b; Suen et 
al., 2011; Wurm et al., 2011). Despite a vast literature on chemical 
communication among adults in these societies (Keller and Nonacs, 1993; Peeters 
and Liebig, 2009; Vander Meer et al., 1998), little is known about parent-
offspring communication. Proper identification of brood based on sex, 
developmental stage, and caste, is clearly important, however, for workers 
charged with the task of rearing the next generation of offspring. 
 A fundamental aspect of eusociality is a reproductive division of labor 
(Wilson, 1971). In highly eusocial species this division begins during the larval 
stage with the production of morphologically distinct queen and worker castes. 
Overproduction of queens or the production of queens during the wrong season 
could drain colony resources and decrease colony growth rate (Oster and Wilson, 
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1978). To prevent this, workers regulate larval caste through differential feeding 
(Wheeler, 1986) or behaviors that inhibit queen determination (Brian, 1973; 
Penick and Liebig, 2012; Suryanarayanan et al., 2011). In order for this to be 
successful, workers must have a reliable system to recognize larvae destined to 
become members of different castes. 
 With the exception of the honey bee Apis mellifera, identification of 
brood-specific pheromones in social insects has proven difficult. Workers of A. 
mellifera can distinguish between male and female larvae (Haydak, 1958; Sasaki 
et al., 2004) as well as queen and worker-destined larvae (Woyke, 1971). A blend 
of ten fatty acid methyl and ethyl esters produced by the larval salivary gland 
have been shown to induce behavioral effects in workers, and the relative 
proportions of these compounds differs among larvae at different stages of 
development (Le Conte et al., 1990; Le Conte et al., 1989; Le Conte et al., 1994; 
Slessor et al., 2005). In contrast, conflicting information about brood pheromones 
in ants has led some authors to question whether ant brood pheromones even exist 
(Morel and Vander Meer, 1988). Nonacs and Carlin (1990) argued that selection 
may favor concealment of larval sex and caste to prevent sex ratio manipulation. 
As support, they presented evidence that workers of the ant Camponotus 
floridanus do not distinguish between male and female larvae. In wasps, male and 
female larvae of Polistes dominulus have been found to display differences in 
their cuticular compounds, yet there is no evidence that adult workers use this 
information (Cotoneschi et al., 2009). 
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 A major limitation for studies that investigate brood pheromones is a lack 
of clear behavioral assays to test how workers respond to potential signals 
(Tschinkel, 2006). We recently identified a behavior in the ant Harpegnathos 
saltator where workers inhibit queen development through larval-directed biting. 
Workers can clearly identify queen-destined larvae, and biting can be used as an 
indicator that workers perceive a larva as queen-destined. In order to investigate 
how workers identify queen-destined larvae in this species, we used larval-
directed biting as an assay to determine what factors workers use to discriminate 
queen larvae. Furthermore, queen determination in H. saltator is linked to an 
increase in juvenile hormone (JH). Within 12hrs of JH treatment, workers can 
already identify queen destined larvae and target them with biting (Penick and 
Liebig, 2012). This suggests a direct connection between JH levels and the 
production of a queen specific signal. We tested this connection by treating both 
male and female larvae of H. saltator with JH and quantifying the response of 
workers to JH-treated larvae of both sexes. If increased JH is associated with the 
production of a queen-specific signal, then treatment of male larvae may also 
cause them to express this signal and receive worker biting.  
 
METHODS 
Transfer of larval queen signal 
 Colonies were collected and maintained as described in previous chapters. 
Natural queen larvae were identified in stock colonies based on their increased 
size. These larvae were transferred to a separate colony not rearing queens to see 
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if they were bit by workers, a clear indication of queen development (Penick and 
Liebig, 2012). Larval-directed biting was used in subsequent experiments as an 
indicator that workers perceived a larva as queen-destined. Larvae in all 
experiments were fourth instar. 
 We hypothesized that queen-destined larvae display a chemical signal on 
their cuticle that distinguishes them from worker larvae. To test this, we 
transferred cuticular compounds from queen larvae to worker larvae through 
direct physical contact. Queen larvae were rubbed against worker larvae for 2min, 
and worker larvae were then returned to their colony. Control larvae were rubbed 
against worker larvae taken from a foreign colony. We quantified larval-directed 
biting during the first 5min after larvae were returned to their colonies. In 
addition, we tested whether the chemical signal was localized on the body (i.e. if 
it was released by a specific gland) by rubbing only the anterior portion (head and 
neck) or the posterior portion of each queen larva against a worker larva and 
repeating the procedure described above. 
 Next, we extracted cuticular compounds from queen-destined larvae with 
both a polar solvent (methanol) and a non-polar solvent (hexane) to determine the 
nature of the chemical compound(s) specific to queen larvae. Preliminary results 
showed that application of the polar extract to worker larvae did not induce biting, 
so we focused on the non-polar extract. Queen-destined and worker-destined 
(control) larvae were extracted with hexane (larvae were soaked 15min). Extracts 
were applied to worker larvae, and the solvent was allowed to evaporate by 
waiting 2min before larvae were returned to their nest. All trials were video 
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recorded, and observations of larval-directed biting were conducted blind during 
5min observation sessions. 
 
Quantification of larval hydrocarbons 
 Cuticular compounds of both queen and worker larvae were measured 
using GC-MS. First, we extracted cuticular compounds from two worker larvae 
from 10 separate colonies using solid-phase microextraction (SPME). Larvae 
were brushed for 2min using an SPME fiber coated with a 30µm 
polydimethylsiloxane film (Supelco Inc., PA, USA). To determine how larval 
cuticular compounds changed as a result of queen determination, we used the JH 
analog (JHA) methoprene (Chem Service, West Chester, PA) to induce queen 
development. One larva from each colony was topically treated with 5µg of JHA 
dissolved in acetone (1µl), while the second larva was treated with an equivalent 
volume of acetone as a control. Larvae were then placed in a small nest with 6 
workers from their parent colony and observed 12hrs after treatment to confirm 
that JHA-treated larvae received biting while control larvae did not. 24hrs after 
treatment, these larvae were extracted again using SPME to compare the change 
in cuticular compounds before and after treatment. We also extracted natural 
queen larvae from 6 colonies using the same method. 
 To identify cuticular compounds after extraction, we inserted the SPME 
fiber into the injection port of an Agilent 6890N gas-chromatograph (GC) 
(Agilent, Santa Clara, CA, USA) coupled with an Agilent 5975 mass selective 
detector operated in the electron impact ionization mode. The GC was run in the 
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splitless injection mode with helium as the carrier gas at 1 ml/min flow rate. It 
was fitted with a 30m×0.25mm (ID) ×0.25μm DB-1MS non-polar column 
(Agilent). The oven temperature was programmed to rise from 60°C to 200°C at 
40°C min-1 after an initial delay of 2 min, including a splitless time of 0.5 min. 
Subsequently, the temperature rose from 200°C to 320°C at 5°C min-1. Injector 
temperature was 260°C, MS quad 150°C, MS source 230°C, and transfer line 
300°C. The relative abundance of each compound was taken as a percentage of 
peak area. Compounds were included if they were present in at least 70% of 
individuals within a treatment group. 
 
Biting JHA-treated male and female larvae 
 Because queen development in H. saltator is associated with an increase 
in JH (Penick and Liebig, 2012), we hypothesized that JH levels may be linked 
directly to the production of a queen-specific larval signal. To dissociate the effect 
of JH treatment from downstream effects of JH on queen characters, we treated 
both male and female larvae with JHA because male larvae do not express the 
characters associated with queen determination. 
 Male and female larvae were identified from 20 colonies based on sex-
specific differences in gonopore morphology. Nests were setup with 6 workers 
and three larvae from one of three treatment groups: JHA-treated male larvae, 
JHA-treated female larvae, and control-treated female larvae (10 nests for each 
treatment). Biting was quantified in each nest 24hrs after treatment during 3 
observation sessions (5min each) that were separated by at least 1hr. Observations 
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were conducted blind so that observers were unaware of the larval treatment in 
each group. Observation of biting indicated that workers perceived larvae as 
queen-destined. 
 
RESULTS 
Presence of a larval queen signal 
 Queen larvae possessed an identifying signal that could be transferred to 
worker larvae through direct physical contact or through a chemical extract. 
Worker larvae that were rubbed against either the anterior or posterior region of a 
queen larva received biting while contact with other worker larvae did not elicit 
biting (Kruskal-Wallis, df=2, p=0.0098, [Mann-Whitney U test, Nworker=9, 
Nanterior=13, Nposterior=13 (worker vs. anterior, Z=3.54, p=0.0004 ), (worker vs. 
posterior, Z=3.87, p=0.0001), (anterior vs. posterior, Z=,-0.33 p=0.74)], Fig. 4.1). 
Worker larvae that were treated with hexane extacts of queen larvae also received 
biting compared to controls (Mann-Whitney U test, N=7, Z=3.13, p=0.0017; Fig. 
4.2). 
 With respect to the cuticular profile of queen- and worker-destined larvae, 
natural queen larvae showed a shift toward shorter-chained hydrocarbons, 
specifically within n-alkanes (Fig. 4.3). This shift was detectable within 24hrs 
after queen determination was induced with JHA treatment (Fig. 4.4). JHA 
treatment caused an increase in C23, C25, and C27 with a relative decrease in 
C29 compared to pretreatment levels (Wilcoxon signed rank, N=12, C23: 
p=0.0044, C25: p=0.015, C27: p=0.012, C29: p=0.034). In contrast, the cuticular 
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profile of control treated larvae showed little change over 24hrs, with only a slight 
increase in C25 over that period but no change in other compounds (Wilcoxon 
signed rank, N=12, C23: p=0.28, C25: p=0.0096, C27: p=0.071, C29: p=0.182). 
Comparing the difference in relative abundance of C23, C25, C27, and C29 
revealed a similar pattern (Fig. 4.5). JHA-treated larvae showed an almost 2-fold 
increase in C23 compared to worker larvae as well as an increase in C25 and a 
decrease in C27 and C29 respectively (Mann-Whitney U test, NJHA=12, 
Ncontrol=36, C23: p<0.0001, C25: p=0.036, C27: p=0.012, C29: p=0.0025). These 
differences were increased in natural queen larvae compared to worker larvae that 
received JHA treament (Fig. 4.5). 
 
Biting response to male and female larvae 
 While larval-directed biting is used to inhibit queen determination in H. 
saltator (Penick and Liebig, 2012), we found that workers also bit male larvae 
(Fig. 4.6). We observed increased biting towards male larvae treated with JHA 
compared to male larvae that received a control treatment, and the biting directed 
towards JHA-treated males occured at the same frequency compared to JHA-
treated female larvae (Kruskal-Wallis, df=2, N=11, p=0.0003; [Mann-Whitney U 
test, (control vs. male: Z=-4.18, p<0.0001), (control vs. female: Z=-3.80, 
p=0.0001), (male vs. female, Z=-0.85: p=0.39)]). 
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DISCUSSION 
 Queen destined larvae of H. saltator displayed a chemical signal on their 
cuticle that could be transferred to worker larvae through direct physical contact. 
The signal could be transferred by contact with either the anterior or posterior 
region of a queen larva, which shows that the signal is generally distributed on the 
larval cuticle and not localized to a specific gland. In order to identify the nature 
of this compound, we extracted non-polar compounds from the larval cuticle and 
found that queen extracts elicited worker biting when applied to worker larvae. 
Taken together, these results provide clear evidence that workers identify larval 
caste based on a pheromone specific to queen-destined larvae. 
 The cuticular compounds of queen and worker destined larvae were 
qualitatively similar, but queen larvae possessed a greater proportion of short-
chained n-alkanes in their cuticular profile. Larvae treated with JHA to induce 
queen development also showed the same shift towards short-chained 
hydrocarbons within 24hrs of JHA treatment. The primary function of cuticular 
hydrocarbons in insects is to provide desiccation resistance (Gibbs, 1998), but the 
complex blend of compounds has been shown to carry information related to 
fertility, caste, nestmate recognition, and species recognition (Howard and 
Blomquist, 2004; Liebig, 2010; Singer, 1998). Studies on nest parasites of social 
insects have implicated that parasites mimic the cuticular hydrocarbon profiles of 
host larvae or pupae to infiltrate the nest (Dettner and Liepert, 1994; Howard and 
Blomquist, 2004), but there has yet to be a study that demonstrates hydrocarbon 
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patterns are used by workers to discriminate among brood. Our results provide 
evidence that hydrocarbons could serve as a signal of larval caste. 
 Despite finding changes in cuticular hydrocarbons, we did not identify the 
exact chemical differences that workers use to identify queens. We found a 
relative increase in tricosane and pentacosane (23 and 25 carbons respectively) in 
queen larvae, but treatment of worker larvae with synthetic versions of these 
compounds did not elicit biting when they were applied individually or in 
combination (unpublished data). While these compounds may be components of a 
queen-specific pheromone, they appear to be insufficient to provoke the full 
worker response. 
 Techniques aside from GC-MS may provide an additional tool to identify 
queen-specific compounds that could not be detected in our study. Outside of 
hydrocarbons, other classes of compounds have been identified as potential 
signals, such as oxygenated compounds (Yew et al., 2009) or cuticular proteins 
(Hanus et al., 2010). Our experiments using hexane extracts of queen larvae 
provided evidence that the queen signal in H. saltator is most likely a non-polar 
compound, but we cannot rule out the possibility that polar compounds play a 
role. We did not report on compounds in the volatile range for this study, but 
volatile and semi-volatile compounds are common pheromones in ants (Wyatt, 
2003). A preliminary study of volatile hydrocarbons in H. saltator uncovered a 
similar trend to what we report for straight-chained alkanes: JHA-treated larvae 
have a relative increase in shorter-chained hydrocarbons (17, 19, and 21 carbon 
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have low volatility, and it is possible that small amounts of these hydrocarbons 
could trigger worker biting, but more research is needed. 
 One of the surprising results from this study was that workers bit both 
male and female larvae when they were treated with JHA. Males do not exhibit a 
polyphenism in this species, and JHA treatment does not result in major changes 
in male morphology. Instead, it appears that JH in H. saltator can induce male 
larvae to produce the same cuticular compounds present on queen larvae. This is 
similar to the house fly Musca domestica, where treatment with ecdysone can 
induce adult males to produce the female sex pheromone (Adams et al., 1984).  
 In other social insect species, differences in JH levels have been linked to 
changes in cuticular hydrocarbon profiles as well. Applying JHA to alpha workers 
of the ant Streblognathus peetersi inhibits the expression of their hydrocarbon 
fertility signal (Cuvillier-Hot et al., 2002). In termites, the production of a 
reproductive specific hydrocarbon profile is correlated with changes in JH (Brent 
et al., 2005; Liebig et al., 2009), and application of JHA accelerates the 
production of these compounds in new reproductives of Zootermopsis nevadensis 
(Brent et al. submitted). Foragers of the ant Myrmicaria eumenoides display 
different cuticular compounds than nest workers, and treatment of nest workers 
with JHA can induce them to produce forager compounds earlier (Lengyel et al., 
2007). All of these cases, however, require several days before differences in 
cuticular patterns can be perceived. In contrast, workers of H. saltator can detect a 
change in larvae treated with JHA in under 12hrs. This rapid change may be 
necessary for workers to have fine control over larval development. Overall, this 
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system provides a strong connection between JH levels, caste determination, and 
the production of a queen-specific larval signal. With respect to caste regulation, a 
link between JH and cuticular compounds provides a reliable mechanism for 
workers to identify larval caste and may be present in other social insect species 
where JH induces queen development. 
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Figure 4.1 Transfer of larval queen-signal through physical contact. (A) Image 
showing H. saltator larva with anterior (head and neck) and posterior regions 
indicated. (B) Median, 25-75%, and range of biting received by worker larvae 
over 5min after coming in contact with a foreign worker larva or the anterior or 
posterior portion of a queen larva. Letters indicate significant differences (p<0.05, 
Nworker=9, Nanterior=13, Nposterior=13). 
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Figure 4.2 Transfer of larval queen signal through hexane extract. Median, 25-
75%, and range of biting received by worker larvae over 5min after treatment 
with hexane extract of either a worker or queen-destined larva (p<0.005, N=7). 
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Figure 4.3 GC-MS output showing the relative abundance of cuticular 
hydrocarbon compounds of natural queen and worker-destined larvae. Straight 
chain alkanes are indicated (C23, C25, C27, and C29) and show an increase in 
shorter-chained compounds in queen-destined larvae. 
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Figure 4.4 Shift in cuticular compounds after JHA treatment. Median, 25-75% 
and range of differences in the relative abundance of straight-chained alkanes 
before and after (A) JHA treatment, or (B) control treatment. Asterisks indicate 
significant changes in relative abundance (p<0.05, N=11). 
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Figure 4.5 Caste-based differences in cuticular compounds. Median, 25-75%, and 
range of the relative abundance of straight-chained alkanes of worker, JHA-
treated, and queen larvae. Outliers are indicated by open circles, and asterisks 
indicate significant differences between worker and JHA-treated larvae (p<0.05, 
Nworker=36, NJHA=12, Nqueen=4). 
 74 
 
 
Figure 4.6 Larval biting of male and female larvae. Median, 25-75%, and range 
of the frequency of biting received by control-treated male, JHA-treated male, and 
JHA-treated female larvae over 15min. Letters indicate significant differences 
(p<0.0005, N=11). 
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CHAPTER 5 
REPRODUCTION, DOMINANCE, AND CASTE: ENDOCRINE PROFILES 
OF QUEENS AND WORKERS OF THE ANT HARPEGNATHOS SALTATOR 
 
ABSTRACT 
 The regulation of reproduction within insect societies is a key component 
of the evolution of eusociality. Differential patterns of hormone levels often 
underlie the reproductive division of labor observed among colony members, and 
further task partitioning among workers is also often correlated with differences 
in juvenile hormone (JH) and ecdysteroid content. We measured JH and 
ecdysteroid content of workers and queens of the ant Harpegnathos saltator. In 
this species, new colonies are founded by a single queen, but after she dies 
workers compete in an elaborate dominance tournament to decide a new group of 
reproductives termed “gamergates.” Our comparisons revealed that queens, 
gamergates, and inside workers (non-reproductive) did not differ in levels of JH 
or ecdysteroids. However, increased JH and decreased ecdysteroid content was 
observed in outside workers exhibiting foraging behavior. Application of a JH 
analog to virgin queens of H. saltator, although effective at inducing dealation, 
failed to promote egg production. Together, these results support the hypothesis 
that JH has lost its reproductive function in H. saltator to regulate foraging among 
the worker caste. 
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INTRODUCTION 
 At the heart of all eusocial societies is a reproductive division of labor, 
where only one or a few individuals reproduce while the rest serve as a 
functionally sterile workforce (Wilson, 1971). In simple societies, this division of 
labor emerges as a result of dominance interactions among adults (Fletcher and 
Ross, 1985; Heinze et al., 1994; Röseler, 1991; West-Eberhard, 1978), while in 
highly eusocial species this occurs as a consequence of the reproductive 
specialization of morphologically distinct queen and worker castes (Hölldobler 
and Wilson, 2009; Oster and Wilson, 1978). Workers have reduced fecundity, 
although they often retain functional ovaries and will begin to lay eggs in the 
absence of the queen. In order for a reproductive division of labor to be 
maintained, activation of worker ovaries must be inhibited so that they do not 
begin to lay eggs in the presence of an active reproductive. Differences in 
reproductive activity observed among castes are thought to be under endocrine 
control. Specifically, juvenile hormone (JH) and ecdysteroids have been 
implicated as regulators of reproductive physiology and behavior in social insects 
(Hartfelder, 2000; Robinson, 1987; Robinson and Vargo, 1997) although other 
factors, such as biogenic amines (Sasaki and Nagao, 2001; Sasaki et al., 2007; 
Sasaki et al., 2009), have been increasingly shown to be involved in these 
processes. 
 In solitary insects, JH and ecdysteroids generally function as 
gonadotropins and have been shown to affect the synthesis and uptake of 
vitellogenin, a precursor of yolk protein (Dong et al., 2009; Hartfelder, 2000; 
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Klowden, 1997; Nijhout, 1994; Raikhel et al., 2005). This gonadotropic function 
has been conserved in the social bumble bee, Bombus terrestris, where increased 
JH and ecdysteroid levels are correlated with reproduction by dominant workers 
and queens (Bloch et al., 2000b; Geva et al., 2005). In contrast, JH appears to be 
dissociated from reproductive activity in adult queens of the highly eusocial 
honey bee, Apis mellifera (Robinson et al., 1991; Robinson et al., 1992). Instead, 
JH serves as a behavioral pacemaker within the worker caste, promoting the onset 
of foraging behavior (Jaycox et al., 1974; Robinson, 1987; Sullivan et al., 2000). 
This alternative role of JH as a regulator of foraging is thought to have evolved 
through co-option of the endocrine signaling system associated with reproduction 
in a solitary ancestor (Amdam et al., 2004; West-Eberhard, 1996). Some evidence 
suggests a similar behavioral role for JH in other social insects (Giray et al., 2005; 
Robinson and Vargo, 1997), including ants, where increased JH levels correlate 
with foraging by workers of the ant Myrmicaria eumenoides (Lengyel et al., 
2007) as well as co-founding queens of the harvester ant Pogonomyrmex 
californicus (Dolezal et al., 2009). 
 In species of social insects where colony members compete over 
reproduction, differences in JH and ecdysteroids have been correlated with 
dominance. Examples in both bumble bees and wasps, indicate that JH retains its 
gonadotropic function, and dominant individuals are characterized by having 
higher levels of circulating JH (Bloch et al., 2000a; Röseler et al., 1984; Tibbetts 
and Huang, 2010; Tibbetts and Izzo, 2009). This pattern is reversed in two species 
of queenless ants— Diacamma sp. and Streblognathus peetersi—where JH levels 
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are lowest in reproductive workers and elevated in subordinates (Brent et al., 
2006; Sommer et al., 1993). These two Ponerine ant species are atypical in that 
they lack true queens, and a single dominant worker is responsible for 
reproduction. The role of JH in these worker reproductives contrasts with the role 
of JH found in true queens of the fire ant, Solenopsis invicta, where JH still has a 
gonadotropic function (Barker, 1978; Brent and Vargo, 2003; Burns et al., 2007).  
 Brent et al. (2006) proposed that queenless species evolved a separate 
gonadotropic regulatory mechanism when faced with the loss of the queen 
phenotype and the physiological constraints of the worker phenotype. To test this 
hypothesis we measured hormone content in the ant Harpegnathos saltator, 
another species of Ponerine ant in which both queens and fully reproductive 
workers occur. Colonies are founded by a single queen, but after the queen dies, 
workers compete in a dominance tournament to establish a new group of 
reproductives (Heinze et al., 1994; Peeters et al., 2000), and these are called 
“gamergates” (Peeters and Crewe, 1984). Gamergates produce eggs at roughly 
half the rate of true queens (Peeters et al., 2000) and presumably maintain their 
status by expressing a chemical fertility signal similar to that of queens (Liebig et 
al., 2000). Because there is a low queen-worker dimorphism in this species and 
they have similar behavioral repertoires (Peeters et al., 2000), a rare direct 
comparison of hormone levels and function can be made between castes.  
 For this study mature queens, gamergates, and workers performing in-nest 
tasks or foraging were sampled from mature colonies of H. saltator to determine 
whole-body JH and ecdysteroid content. In order to procure queen samples, we 
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established new, queenright colonies in the laboratory. Finally, we investigated 
the role of JH during the period following colony foundation by treating virgin 
queens with a juvenile hormone analog (JHA). We monitored the effect of JHA 
treatment on the timing of dealation and the initiation of egg laying by virgin 
queens. Comparisons among groups allowed us to make inferences about the 
function of JH and ecdysteroids with respect to caste, dominance, and 
reproduction in H. saltator as well as to make comparisons of hormonal patterns 
across species. 
 
METHODS 
Determination of worker castes   
 Gamergates were identified in large colonies (200-300 workers) based on 
behavioral characteristics and direct observation of egg laying. Gamergates 
display a dominant stance characterized by an elevated posture where the gaster is 
raised above the level of the thorax, and subordinate workers approach dominants 
with their head lowered (Liebig, 1998). Workers identified as gamergates were 
paint marked (Testors Pactra® enamel, Rockford, IL, U.S.A.) with an individual 
code and observed over several days to confirm reproductive status. In all cases, 
colonies contained multiple gamergates. Gamergates used in this study had been 
established at least 6 months prior to sampling, and there was little or no 
aggression observed among workers in these colonies. 
 Workers were selected from among twenty separate colonies. Individuals 
classified as foragers were taken directly from the foraging arena outside the glass 
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covered nest chamber. These workers had a darker cuticle than in-nest workers 
and responded defensively when provoked with forceps (defensive or nest-
guarding behavior), which are typical characteristics of foragers in other species 
(Hölldobler and Wilson, 1990). Before selecting inside workers, all workers were 
removed from the foraging arena and held separately. One hour after their 
removal any additional workers that entered the foraging arena were removed, 
then inside workers were then chosen from those that remained in the nest 
chamber. Fully callow workers (newly emerged) were excluded from this study.  
  
Queen rearing and colony foundation  
 Queen samples were derived from new colonies founded in the laboratory, 
which is relatively easy in this species (Liebig et al., 1998). Young, unmated 
females were taken from their parent colonies and isolated with male pupae from 
a different colony. A single queen was used to found each colony except for one 
instance where a colony was founded with 8 queens grouped together. 
Observation of egg laying was used to confirm that each queen was reproductive. 
Over two years, 100 queen-founded colonies were established, though not all 
produced workers. In order to confirm that queen colonies had reached a mature 
size at the time queens were sampled for JH and ecdysteroid content, we censused 
successful foundations at several points over three years to assess colony growth 
rate. Based on the colony growth rate, it was determined that queens would be 
sampled for hormone analysis 8-15 months after colonies were established and 
contained at least 100 workers. 
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 There is a limited queen-worker dimorphism in H. saltator relative to 
other species (Fig. 5.1).  Peeters et al. (2000) found that both queens and 
gamergates have ovaries with eight ovarioles, although these are more developed 
and active in queens than workers. While queens are capable of ovipositing 
approximately two eggs per day, gamergates usually produce half of that or less. 
These are minor differences relative to what is observed in most ant species 
(Hölldobler and Wilson, 1990). Because these differences are minor, we report 
values that represent the total hormone content per ant. In order to account for any 
differences based on size with respect to caste (queen versus worker), we 
analyzed all hormone data using both non-adjusted values as well as values 
standardized by dry-weight. 
 
Hormone quantification 
 For each sample, two individual ants of the same caste were placed in a 
vial containing 1 ml of methanol and crushed with a glass tissue grinder. Hexane 
was mixed into the vial with methanol (90% HPLC grade), centrifuged, and the 
hexane layer was pulled off to extract JH dissolved in this layer while ecdysteroid 
remained in the methanol portion. The methanol layer was centrifuged at 3500 
rpm for 5 min, and the supernatant was removed.  This extract was dried down, 
re-suspended in 500 µl of 90% methanol, and stored at -80ºC until analysis for 
ecdysteroid content. 
 The hexane portion was used to quantify JH using the gas 
chromatography/mass spectrometry (GC–MS) method of Bergot et al. (1981) as 
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modified by Shu et al. (1997) and Brent & Vargo (2003). In order to filter-out 
contaminants, the hexane phase of the partitioned samples was eluted through 
aluminum oxide columns successively with hexane, 10% ethyl ether–hexane and 
30% ethyl ether–hexane. After drying, samples were derivatized by heating at 
60°C for 20 min in a solution of methyl-d alcohol (Sigma-Aldrich, St Louis, MO, 
U.S.A.) and trifluoroacetic acid (Sigma-Aldrich, St Louis, MO, U.S.A.). Samples 
were dried down then resuspended in hexane and again eluted through aluminum 
oxide columns; 30% ethyl ether was used to remove non-derivatized components 
and 50% ethyl-acetate–hexane was used to collect the JH derivative. After drying, 
the sample was resuspended in hexane. The purified and derivatized JH was then 
analyzed using an HP 7890A Series GC (Agilent Technologies, Santa Clara, CA, 
U.S.A.) equipped with a 30 m x 0.25 mm Zebron ZB-WAX column 
(Phenomenex, Torrence, CA, U.S.A.) coupled to an HP 5975C inert mass 
selective detector. Helium was used as a carrier gas. JH form was confirmed by 
first running test samples in SCAN mode for known signatures of JH 0, JH I, JH 
II, JH III and JH III ethyl; JH III was confirmed as the primary endogenous form 
in this species. Subsequent samples were analyzed using the MS SIM mode, 
monitoring at m/z 76 and 225 to ensure specificity for the d3-methoxyhydrin 
derivative of JHIII. Total abundance was quantified against a standard curve of 
derivatized JH III. The detection limit of the assay is approximately 1 pg. 
 Ecdysteroid content was determined by a competition radioimmunoassay 
originally developed by Warren et al. (1984) as modified by Brent et al. (2006). 
Duplicate 10 µl aliquots of the methanol phase of each partitioned sample were 
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incubated overnight with 100 µl of (3H)-20-hydroxyecdysone stock (85.2 
µCi/mmol, Perkin-Elmer, Waltham, MA, U.S.A.) in borate buffer, and 100 µl of a 
polyclonal ecdysteroid antiserum (H-22 antibody, L. Gilbert, UNC-CH) at 4°C on 
an orbital shaker. The specific ecdysteroid is unknown for H. saltator, but the H-
22 antibody cross-reacts with ecdysone, ecdysterone, 20-hydroxyecdysone and 
makisterone A (Warren and Gilbert, 1986). Intra- and inter-assay variability was 
minimized by generating standard competition curves for each set of samples, 
using 20-hydroxyecdysone stock (Sigma-Aldrich, St Louis, MO, U.S.A.) over a 
range of 15.6–2000 pg. After incubating ~18 h, 20 µl of cleaned protein A 
solution (Pansorbin; CalBiochem, San Diego, CA, U.S.A.) was added to each 
tube to precipitate the antibody-antigen complex. Tubes were incubated for 1 h at 
27°C, and then centrifuged at 5000g. Supernatant was removed and the remaining 
pellet was washed twice with 100 µl of borate buffer. The incorporation of 
microlabel was determined by a 2450 MicroBeta2 scintillation counter (Perkin-
Elmer, Waltham, MA, U.S.A.) and ecdysteroid concentrations were estimated by 
nonlinear regression (Brent et al., 2006). 
  
JHA treatment of virgin alates 
 Virgin alate females were separated from their parent colony 3-6 weeks 
after eclosing. Individuals were treated topically (dorsal surface of the thorax) 
with 10 µg of the juvenile hormone analog pyriproxyfen (technical grade, 98.9%) 
dissolved in 1 µl of acetone. Controls were treated with 1 µl of the acetone 
solvent alone. Female alates were kept in an individual box with a dental plaster 
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floor and were fed small crickets twice per week. Observations were made daily 
to determine when individuals dropped their wings and when they began egg 
laying. An individual was considered to have begun egg laying when an egg was 
observed in their nest on each of two consecutive days to help exclude the 
possibility of counting non-viable, trophic eggs. 
 
Statistical analyses 
 Differences in hormone content among groups were compared using a 
Kruskal-Wallis ANOVA and post-hoc analyses in Statistica version 9 (StatSoft, 
Tulsa, OK, USA). When outliers were excluded (points that fell more than 1.5 
times outside of the interquartile range), this did not change significant 
differences, and outliers are included in figures where they occurred. For queen 
samples, statistical comparisons were made using concentrations standardized for 
size differences (dry-weight) between queens and workers as well as non-adjusted 
values. Both analyses converged on the same pattern and did not affect the 
outcome of our statistical comparisons, so we report p-values based on non-
adjusted measurements and report these in all figures. Additionally, the non-
parametric Mann-Whitney U test was used to compare the timing of dealation and 
the initiation of egg laying among females treated with JHA or the control. Non-
parametric tests were used in all cases due to heteroscedasticity (Brown-Forsythe 
test, p < 0.05) and a general lack of normality.  
 
 85 
RESULTS 
Queen foundations and colony growth 
 To confirm that the queens used for the hormone bioassays were mature 
and reproductively active, we tracked colony growth of our queen-founded 
laboratory colonies. Colony growth during the first year after foundation was 
exponential (Fig. 5.2a), represented by the function Nt = 1.94e0.0113t. Over this first 
year, colony age explained 75% of the variation in colony size. Over three years, 
growth-rate was best approximated by the logarithmic function Nt = 117*ln(t) – 
595, where Nt represents the colony size at time t (Fig. 5.2b). During this period, 
colony age explained 69% of the variation in colony size.  
 The first workers did not eclose until after 100 days. This was due in part 
to the time required for females to mate, drop their wings, and begin egg laying. 
In addition to workers and males, 5% of successful colonies were observed to 
produce female sexuals during their first year, 10% of colonies by the second 
year, and a total of 29% of colonies by the third year. These data confirmed that 
most colonies had reached a mature size at the end of the first year, which 
corresponded to the time when queens were sampled for hormone analysis. 
 
JH and ecdysteroid hormone content 
 JH content was elevated in foragers of H. saltator, but did not differ 
among inside workers, gamergates, or queens (Kruskal-Wallis, df = 3, N = 57, H 
= 26.24, p < 0.0001; multiple comparisons test: gamergate vs. forager, p = 0.0002; 
queen vs. forager, p = 0.0004; inside worker vs. forager, p = 0.009; gamergate vs. 
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inside worker, p = 0.94; gamergate vs. queen, p = 1.0; inside worker vs. queen, p 
= 0.79) (Fig. 5.3a). The opposite pattern was observed with respect to 
ecdysteroids, where whole-body ecdysteroid content was depressed in foragers 
but did not differ among inside workers, gamergates, or queens (Kruskal-Wallis, 
df = 3, N = 60, H = 27.5, p < 0.0001; multiple comparisons test: gamergate vs. 
forager, p = 0.0032; queen vs. forager, p < 0.00001; inside worker vs. forager, p = 
0.0036; gamergate vs. inside worker, p = 1.00; gamergate vs. queen, p = 0.436; 
inside worker vs. queen, p = 0.253) (Fig. 5.3b). 
 
JHA treatment of virgin alates 
 To better understand the function of JH in adult queens, we treated virgin 
queens with JHA and measured the effects on the timing of both dealation and 
oviposition. Virgin alates treated with JHA dropped their wings earlier (median: 1 
day) compared to females that received the control treatment (median: 5 days) 
(Mann-Whitney U test; N = 12, 11; Z = 2.89; p = 0.0034) (Fig. 5.4a); however, 
treatment did not affect the time required for the initiation of egg laying (Mann-
Whitney U test; N = 9, 11; Z = -0.84; p = 0.401) (Fig. 5.4b). In order to initiate 
egg laying, dealation was not required; 3 of 11 females in the control group began 
egg laying up to 13 days before they dropped their wings. Of the12 individuals 
treated with JHA, 3 died prior to egg laying, and these were excluded from our 
analysis.  
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DISCUSSION 
 This study represents the first time that JH and ecdysteroid content of 
queens and reproductive workers have been compared within the same ant 
species. Although juvenile hormone is normally associated with egg production in 
solitary insects, as well as the highly eusocial ant Solenopsis invicta (Brent and 
Vargo, 2003), it appears to have lost this function in H. saltator. Queens and 
gamergates had low JH content, similar to that observed with inside workers. 
Instead, increased JH content was associated with foraging behavior by non-
reproductive workers. This pattern resembles what has been observed in the 
honey bee, Apis mellifera, where JH no longer drives oogenesis in adult queens, 
but has been implicated in modulating foraging behavior in workers (Robinson 
and Vargo, 1997). 
 
Colony foundation and growth rate 
Prior to examining the hormonal dynamics within H. saltator colonies, it 
was first necessary to determine an optimal time to sample and to establish that 
dynamics within laboratory colonies closely mimicked that of field colonies. 
After following the development of colonies founded by single queens for three 
years, it was determined that mature colony size was reached after one year. At 
this time the number of workers present (Fig. 5.2) fell within the range of 58-124 
workers observed in mature field colonies (Peeters et al., 2000).  
Similar to colony growth patterns observed in Solenopsis invicta 
(Tschinkel, 1988), early colony growth in H. saltator was exponential during the 
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first year but was best described by a logarithmic function when recorded over 
multiple years. Several colonies in our study produced female sexuals during the 
first year they were established. This corresponds with data from the field where 
relatively small colonies were found to produce female sexuals (Peeters et al., 
2000). Many social insect species pass through an ergonomic phase of colony 
growth where sexual production is deferred several years until colonies reach a 
threshold size (Oster and Wilson, 1978). From our data on colony growth and 
queen production it appears that colonies of H. saltator are capable of producing 
sexuals during their first year and may not pass through an extended ergonomic 
phase. This rapid development may have evolved to counter random factors that 
affect colony survival (Liebig and Poethke, 2004). The similar development 
patterns of laboratory and field colonies also indicate that the hormone profiles 
determined in this experiment are likely to be comparable to what would occur 
under natural conditions. Therefore, hormone samples were collected roughly one 
year after colonies were established, when queens would be fully mature and 
regularly producing eggs. 
 
Endocrine differences among reproductive and behavioral castes 
The subsequent hormonal analyses compared juvenile hormone and 
ecdysteroid content between different castes to determine if there were endocrine 
associations with reproductive and dominance status.  JH synthesis is inversely 
correlated with ovarian activity in the queenless ants Diacamma (Sommer et al., 
1993) and Streblognathus peetersi (Brent et al., 2006). This is the reverse pattern 
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found in Solenopsis invicta, a species that has a true queen caste (Brent and 
Vargo, 2003). A proposed explanation for this difference was that queenless 
species had to develop an alternative means for controlling reproductive activity 
under constraints created by their worker phenotype (Brent et al., 2006). Because 
H. saltator has both queens and reproductive workers that regularly replace the 
queen upon her death, we were able to test this hypothesis, but we found no 
support for reproductive workers relying on an alternative regulatory mechanism. 
In this species, both queens and reproductive workers exhibited the same 
hormonal pattern—low JH and high ecdysteroid content (Fig. 5.3) —as 
previously observed in reproductive workers of queenless ants (Brent et al., 2006; 
Sommer et al., 1993). H. saltator belongs to the relatively basal subfamily 
Ponerinae, which also includes the queenless species Diacamma and S. peetersi. 
This suggests that the loss of JH’s typical gonadotropic function (Raikhel et al., 
2005) may be a common feature of Ponerine ants, not just the queenless species. 
 H. saltator colony dynamics are structured upon a stable dominance 
hierarchy with clear rank differences in behavior, ovarian activity, and the 
expression of a chemical fertility signal (Liebig et al., 2000; Peeters et al., 2000). 
In S. peetersi, elevated JH is associated with lower rank (Brent et al., 2006) and 
decreased expression of a cuticular fertility signal (Cuvillier-Hot et al., 2002). In 
H. saltator, there was no endocrine difference between high ranking gamergates 
and the subordinate inside workers. Although we cannot exclude the possibility of 
small hormonal differences that were undetectable with our assay, it is unlikely 
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that a subtle disparity could produce such divergent reproductive activity or 
fertility signaling.  
 The only significant difference among castes was for workers venturing 
outside the nest to forage, which, relative to the other groups, had elevated JH and 
depressed ecdysteroid content. This pattern resembles what has been observed in 
the highly eusocial honey bee, Apis mellifera, where JH has lost its reproductive 
function in adult queens and has a role in modulating foraging in the worker caste 
(Robinson and Vargo, 1997). JH has also been implicated as a releaser of foraging 
behavior in the young founding queens (Dolezal et al., 2009) and workers 
(Dolezal et al., 2012) of the ant Pogonomyrmex californicus, and in workers of 
Myrmicaria eumenoides (Lengyel et al., 2007). Our results fit this model, so it 
appears that JH may regulate foraging in H. saltator as well. With respect to 
ecdysteroids, the fall in ecdysteroid content in foragers may be related to the 
degradation of the ovaries, which occurs as workers age and begin foraging 
(Hölldobler and Wilson, 1990). Ecdysteroids are primarily produced by the 
ovaries in adult female insects (Nijhout, 1994), including honey bee workers 
(Amdam et al., 2010). In bumble bees, hemolymph ecdysteroid titers are low 
while ovarian ecdysteroid content is high (Geva et al., 2005). Similar to bumble 
bees, the pattern of ecdysteroid content we observed in H. saltator may indicate 
that ecdysteroids serve an intra-ovarian function (paracrine) rather than having an 
endocrine role. 
 
 91 
JH during the founding stage 
 While we did not find differences in JH or ecdysteroid content between 
mature reproductives and young workers, we did find evidence that JH is 
involved in changes that occur during the founding stage, when queens first 
activate their ovaries and begin egg laying (Fig. 5.4). Application of JHA caused 
alate queens to drop their wings earlier than untreated females. A similar effect 
was found in the fire ant, Solenopsis invicta, where JHA induced early dealation 
and oviposition in virgin queens (Vargo and Laurel, 1994). Likewise, Brent and 
Vargo (2003) found that dealation and the initiation of oviposition in queens of 
this species corresponded with peak rates of JH biosynthesis. Dealation is known 
to trigger flight muscle histolysis and oocyte activation in other insect species 
(Tanaka, 1986). Treatment with JHA did not, however, affect the timing of 
oviposition in H. saltator. This result provides further evidence that JH has lost its 
reproductive function in H. saltator. The role of JH during the founding stage 
may not correlate with reproductive activation directly, but because it affects the 
timing of dealation it may still be an important regulator of behavior and other 
physiological processes associated with colony founding. While JHA treatment of 
reproductive workers of S. peetersi inhibited ovarian activity, we found no such 
effect in virgin queens of H. saltator. This may reflect a difference in the function 
of JH in founding queens compared to mature reproductives. 
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Conclusion 
 Overall, our results support the hypothesis that JH has lost a gonadotropic 
function in the basal Ponerine ants, and that increased JH is more strongly 
correlated with foraging behavior among subordinate workers. This contrasts with 
other societies that maintain dominance hierarchies, such as wasps and bumble 
bees, where dominance and reproduction are associated with increased levels of 
JH and ecdysteroids (Bloch et al., 2000; Geva et al., 2005; Giray et al., 2005; 
Tibbetts and Huang, 2010). Instead, H. saltator resembles the pattern observed in 
other highly eusocial species, where JH has lost its reproductive function and 
regulates a strong temporal polyethism among the worker caste (Hartfelder, 2000; 
Lengyel et al., 2007). Our results show that JH may be involved in worker 
division-of-labor even in species where age-based polyethism is weak and where 
individuals still compete directly over reproduction. Within the eusocial 
Hymenoptera, regulation of foraging in wasps, bees, and ants shows convergence 
in the pattern of JH associated with division-of-labor among workers despite 
different levels of caste specialization (Hartfelder, 2000).  
 Finally, we are able to show that the loss of a reproductive function for JH 
in Ponerine ants is not a consequence of specialization in worker reproduction, 
since queens show the same relationship between JH and reproduction in H. 
saltator. While increased JH production is associated with reproduction by queens 
of the fire ant Solenopsis invicta (Brent and Vargo, 2003), our results clearly 
indicate that this pattern is not a general feature of all ant species. S. invicta 
displays advanced characteristics among ants, including large colony size and 
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high queen-worker dimorphism, in contrast to Ponerine species which more 
closely resemble the ancestral form. Therefore, it is possible that the association 
of increased JH with reproduction in S. invicta is a derived characteristic. The 
reproductive function of JH in S. invicta may be related to the extreme fecundity 
of S. invicta queens, which have a dramatically increased egg-laying rate 
compared to queens or gamergates of Ponerine species. Also, reproductive 
conflict between adult workers and queens in S. invicta is almost completely 
absent because workers are sterile, and this may allow JH to regain a reproductive 
function in queens without affecting the role of JH in workers. Future 
investigations across other subfamilies may help define a general pattern of caste-
associated differences in JH and ecdysteroid levels within the eusocial 
Hymenoptera and help to elucidate the physiological changes that occurred during 
the transition from solitary to social life. 
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Figure 5.1 Illustration of adult queen (top) and worker castes of H. saltator. 
There is limited size dimorphism between both castes, with queens displaying 
increased thoracic development associated with wing musculature necessary for a 
mating flight  
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Figure 5.2 Total worker population as a function of colony age (days since 
colonies were founded in the laboratory). (a) Represents colony growth over three 
years, which is best approximated by a logarithmic function, and (b) represents 
growth during the first year, which is best approximated by an exponential 
function. 
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Figure 5.3 Caste based differences in JH and ecdysteroid levels. Median, 25-75% 
confidence interval, and non-outlier range of (a) JH and (b) ecdysteroid content of 
individual queens, gamergates, inside workers, and foragers.  Sample size is noted 
for each group, and letters indicate significant differences (p<0.05).  
 
 97 
 
 
Figure 5.4 Effect of JHA treatment on queen de-alation and the onset of egg-
laying. Median, 25-75% confidence interval, and range of time (in days) until (a) 
dealation and (b) first oviposition after virgin queens were separated from their 
natal nest and either treated with JHA or an acetone control. Sample size is noted 
for each group, and letters indicate significant differences (p<0.05). 
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CHAPTER 6 
CHANGES IN BIOGENIC AMINE LEVELS ASSOCIATED WITH 
RITUALIZED COMBAT AND THE FORMATION OF A REPRODUCTIVE 
HIERARCHY IN THE ANT HARPEGNATHOS SALTATOR 
 
ABSTRACT 
 Dominance rank in animal societies is linked to changes in reproductive 
physiology and behavior. In the social insects, individuals may compete over 
reproduction, which results in a reproductive division of labor. Changes in 
reproduction and behavior must be coordinated through a crosstalk between the 
brain and the ovaries. We investigated the role of biogenic amines in forming this 
connection in the ant Harpegnathos saltator. In this species, workers engage in 
elaborate dominance tournaments to establish a group of reproductive workers 
termed gamergates. We analyzed biogenic amine content in the brains of 
gamergates, inside workers, and foragers under stable colony conditions as well 
as during the establishment of a reproductive hierarchy. Gamergates were 
distinguished by high levels of dopamine, and dopamine was positively correlated 
with ovarian activity. When we experimentally induced workers to compete in a 
reproductive tournament, dopamine levels rose in aggressive workers and 
decreased after workers were policed by their nestmates (a behavior that inhibits 
ovarian activity). In addition to dopamine, levels of serotonin and tyramine 
differed among castes, and these differences may contribute to caste-specific 
behavioral patterns among workers. Because increased dopamine was correlated 
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with reproduction in gamergates, we investigated expression levels of dopamine 
receptor genes in the ovaries. Two distinct dopamine receptors were expressed in 
ovarian tissue, which suggests that dopamine could directly influence ovarian 
activity. Overall, these results provide support that biogenic amines may link 
changes in behavior and dominance status with reproductive activity in H. 
saltator as well as drive differences in worker task performance. 
 
INTRODUCTION 
 Social insects have been held as models of cooperation, but in some cases 
closer inspection of their societies has revealed complex dominance orders and 
high levels of intracolonial aggression (Heinze et al., 1994; Wilson, 1971). 
Similar to vertebrate species, social insects may engage in aggressive tournaments 
to compete over reproductive rights. Dominance position is related to a 
reproductive division of labor, where only one or a few individuals in a colony 
reproduce while the rest serve as a functionally sterile workforce. Changes in 
reproductive status are associated with dominance position, but these changes 
may also have a direct influence on behavior (Amdam et al., 2006; Röseler et al., 
1985).  
 A challenge for understanding the regulation of dominance in social 
insects has been determining the link between behavioral processing in the brain 
and changes in ovarian activity. Traditionally, changes in reproductive status have 
been associated with an increase in juvenile hormone (JH) (Hartfelder, 2000; 
Nijhout, 1994; Raikhel et al., 2005). A connection between JH, dominance, and 
 100 
reproduction occurs in paper wasps, where dominance is influenced by JH, and 
JH has a stimulatory effect on ovarian activity (Barth et al., 1975; Röseler et al., 
1984; Tibbetts and Huang, 2010). However, the connection between JH and 
reproduction is not universal in social insects, and JH levels are often lowest in 
reproductive individuals in other social insect species (Brent et al., 2006; Penick 
et al., 2011; Robinson et al., 1991; Robinson et al., 1992; Sommer et al., 1993). 
The dissociation of JH and reproductive status in these species suggests that other 
factors are required to coordinate changes in ovarian status with behavior. 
 In both vertebrates and invertebrates, there is evidence that biogenic 
amines may regulate behavior, especially with respect to aggression and 
dominance (Kravitz and Huber, 2003; Miczek et al., 2002; Nelson, 2006). In 
bumble bees, dominant individuals have increased octopamine levels (Bloch et 
al., 2000c), and a similar pattern has been observed in the "queenless" ant 
Streblognathus peetersi (Cuvillier-Hot and Lenoir, 2006). Both octopamine and 
serotonin have been linked to aggressive behavior in crickets (Adamo et al., 1995; 
Dyakonova et al., 2002; Murakami and Itoh, 2001), and changes in dopamine are 
associated with dominance in vertebrate species (Miczek et al., 2002) and solitary 
insects (Baier et al., 2002; Stevenson et al., 2005). With respect to reproduction, 
there is mounting evidence that dopamine stimulates ovarian activity in social 
insects (Bloch et al., 2000c; Boulay et al., 2001; Dombroski et al., 2003; Sasaki et 
al., 2007; Sasaki et al., 2009), and changes in dopamine could have a putative role 
in signaling between the brain and the ovaries. 
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 In addition to reproduction and dominance, biogenic amines may affect 
differences in task performance among non-reproductive workers (Schulz and 
Robinson, 1999; Seid et al., 2008; Seid and Traniello, 2005; Wagener-Hulme et 
al., 1999). Workers often display an age-based polyethism, where young workers 
perform in-nest duties while older workers transition to outside tasks, such as nest 
defense and foraging. This transition is accompanied by a well-defined increase in 
JH (Robinson, 1987; Robinson and Vargo, 1997; Sullivan et al., 2000), but 
evidence from honey bees suggests that octopamine may more directly influence 
foraging behavior (Schulz et al., 2002). Changes in other amines, such as 
tyramine and serotonin, also occur in workers and may influence locomotor 
activity (Fussnecker et al., 2006) and aggression during nest defense (Kostowski 
and Tarchalska, 1972; Kostowski et al., 1975). 
 We investigated the role of biogenic amines with respect to behavior and 
reproduction in the ant Harpegnathos saltator. This species has served as a model 
for research into the regulation of reproduction (Liebig et al., 1999; Peeters and 
Hölldobler, 1995; Penick et al., 2011) as well as pheromone signaling of fertility 
status (Liebig et al., 2000). Colonies of H. saltator are founded by a single queen, 
but after queen senescence, workers compete in a ritualized dominance 
tournament to decide a new group of reproductives. These reproductive workers 
are termed gamergates (Peeters, 1991), and they display dominant behavioral 
characteristics and serve as egg-layers in the colony. Despite major differences in 
reproductive potential and behavior, a previous study found no differences in JH 
or ecdysteroid levels between gamergates and inside-workers (Penick et al., 
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2011). A second study focused on biogenic amines found no major changes to the 
spatial pattern of dopaminergic or serotoninergic activity in brains during a 
reproductive tournament (Hoyer et al., 2005). If biogenic amines regulate 
behavior and reproduction in this species, it is likely that differences in the total 
levels of amines affect these traits. 
 In order to define the role of biogenic amines in behavioral castes under 
stable conditions, we compared brain levels of biogenic amines in gamergates, 
inside-workers and foragers of H. saltator during stable colony conditions. 
Because the factors that promote the stability of a reproductive hierarchy may 
differ from the factors that lead to the establishment of a hierarchy, we also 
measured amine changes associated with the onset of a reproductive tournament. 
We experimentally induced workers to engage in a dominance tournament and 
quantified changes in amine levels associated with the onset of aggressive 
behavior. We also monitored changes in individuals subject to policing, an 
aggressive behavior that strongly inhibits reproduction and reverses dominance 
status (Liebig et al., 1999). Finally, we measured expression levels of the 
dopamine receptor genes in brains and ovaries of workers and gamergates. H. 
saltator has 3 dopamine receptor genes (DOP-1, DOP-2, and DOP-2L), which are 
orthologs of dopamine receptor genes in honey bees and Drosophila (Bonasio et 
al., 2010) and may have similarities to dopamine receptor genes in vertebrate 
species (Mustard et al., 2012). We investigated dopamine receptor gene 
expression in the ovaries to determine a possible direct link between dopamine 
signaling in the brain and reproductive activity in the ovaries.  
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METHODS 
Study species and laboratory conditions 
 Whole colonies of H. saltator were originally collected in southwestern 
India as described in Peeters et al. (2000). They were maintained in the laboratory 
at a constant temperature of 25ºC and 12:12 light/dark cycle. Colonies were fed 
biweekly with live crickets (Acheta domesticus) and housed in plastic boxes 
(19x27cm) with a dental plaster floor that featured a preformed nest cavity 
covered by a glass plate (12x15cm). Only mature colonies were used for this 
study (150-350 workers). 
 
Biogenic amine profiles of worker castes 
 In order to establish caste-specific biogenic amine levels, workers were 
divided into three behavioral groups: gamergates, inside workers, and foragers. 
These castes differ with respect to age, reproductive status, and task performance 
(Table 6.1). Methods for distinguishing castes in H. saltator have been previously 
described (Penick et al., 2011). Gamergates were identified based on direct 
observation of egg-laying or the display of dominant behavior. The reproductive 
status of gamergates was later confirmed by dissection, and the number of yolky 
oocytes in each individual was quantified as a measure of ovarian activity. For 
this study we selected colonies with a stable reproductive hierarchy, and colonies 
with a high level of intra-colonial aggression were excluded. In all cases 
gamergates came from colonies that contained multiple reproductives that were 
identified at least 6 months prior to sampling to ensure they were mature at the 
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time of sampling. Foragers were taken directly from the foraging arena, and 
individuals were only selected as foragers if they responded with aggressive 
defensive displays when provoked with forceps. Inside workers were identified by 
selecting workers that actively tended larvae and had a light-colored cuticle. Fully 
callow workers (newly emerged) were excluded from this study. 
 
Experimental induction of dominance behavior 
 To examine changes in biogenic amine levels associated with the 
formation of a new dominance order, we experimentally induced workers to begin 
a dominance tournament. We induced the performance of two specific behaviors: 
1) dueling, which is associated with the establishment of new reproductives, and 
2) policing, which is associated with the strong inhibition of reproduction. 60-80 
workers in 21 colonies were paint-marked with an individual code using Testors 
Pactra® enamel (Rockford, IL, USA). All mature gamergates were identified and 
removed to induce workers to begin a dominance tournament, and 3 inside 
workers were removed at the same time to serve as a base-level control for 
dueling worker samples. Three days after tournaments began, colonies were 
observed to identify workers that were dueling. Workers that were consistently 
observed dueling during three 10-minute observation sessions separated by at 
least 1hr were collected as dueling worker samples (3 workers per sample). In 
order to collect policed workers, we allowed tournaments to continue for 18 days, 
and then we identified 6 workers in each colony that were displaying dominant 
behavior (consistent dueling and gamergate-like characteristics). Of these 
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workers, 3 were sampled directly to serve as a base-level control for comparisons 
with policed workers, and 3 additional workers were placed into a satellite nest 
that contained mature gamergates to induce policing (focal colonies and satellite 
nests were derived from the same parent colony). We observed satellite nests to 
ensure that these workers were policed, and after 24 hrs we collected policed 
workers for amine analysis. 
 
Biogenic amine quantification 
 Individual ants were collected directly into liquid nitrogen, and brain 
dissections were performed within hours of collection. The central brain was 
dissected from the head (without optic lobes) and stored at -80°C until analysis. 
Three brains per sample were pooled to amplify quantification. After brains were 
removed, the ovaries were dissected to confirm reproductive status, and the 
vitellogenic oocytes were counted in gamergates as a measurement of 
reproductive potential (Liebig et al., 2000). 
 For biogenic amine analysis, brains were placed in a 1.5ml centrifuge tube 
and homogenized with 20µl of chilled perchloric acid (0.2 M) that contained 
dihydroxybenzylamine (DHBA, 87pg/µl) and synephrine (50pg/µl) as internal 
standards. The samples were sonicated in an ultrasonic bath filled with an ice-
water slurry for 5 minutes, chilled an additional 20 minutes, and then centrifuged 
at 12,000 RCF for 10 min at 4°C. The biogenic amine content of 10µl of the 
supernatant was analyzed by high-pressure liquid chromatography (HPLC). The 
HPLC system (ESA, Chelmsford, Mass.) consisted of a Coularray model 5600A 
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with a 4 channel electrochemical detector, a model 582 pump, and a reverse-phase 
catecholamine HR-80 column. Samples were delivered via a manual injector 
(Rheodyne 9125) with a 20-µl loop.  Channel 1 was set at 650 mV for octopamine 
and tyramine. Channel 2 was set at 425 mV for dopamine and serotonin. Amine 
identity was confirmed by peak responses on a third channel set at 175 mV. The 
mobile phase was composed of 15% methanol, 15% acetonitrile, 1.5 mmol 1-1 
sodium dodecyl sulfate, 85 mmol 1-1 sodium phosphate monobasic, 5 mmol 1-1 
sodium citrate, and polished water (Barnstead Nanopure). The pH was adjusted to 
5.6 using phosphoric acid. The flow rate of the mobile phase was 1 ml min-1. 
Brain concentrations of the amines were calculated from the peak areas using titer 
curves of external standards run prior to the samples, and after every ten 
injections. 
 
qRT-PCR analyses of brain and ovarian tissue 
 In order for biogenic amines produced in the brain to have a direct effect 
on the ovaries, the ovaries must have receptors for these compounds. To 
investigate whether changes in brain dopamine could have direct effects on 
ovarian activity, we measured the expression of dopamine receptor genes (DOP-1, 
DOP-2, DOP-2L) in brain and ovarian tissue. These receptor genes are orthologs 
to the dopamine receptor genes found in honey bees (Bonasio et al., 2010). 
Individuals were taken from 10 separate colonies, and brain samples and 
gamergate ovaries were pooled from 2 individuals from each colony. Worker 
ovary samples contained pairs of ovaries pooled from 5 individuals from each 
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colony to compensate for their smaller size (Peeters et al., 2000). Expression 
levels for dopamine receptor genes were standardized based on expression levels 
of the housekeeping gene GAPDH because it was found to have more consistent 
expression levels across castes than the commonly used Actin.  
Immediately after dissection, tissues were frozen in pre-chilled tubes on 
dry ice.  Samples were stored at -80C until RNA extraction.  Total RNA was 
isolated from these dissected tissues using Trizol reagent (Life Technologies) 
according to manufacturer specifications, and RNA was treated with 
TurboDNAse (Ambion, Life Technologies) to remove DNA contamination. RNA 
integrity and concentration was determined with the 2100 Bioanalyzer (Agilent 
Technologies) platform. One-step qRT-PCR was performed in triplicate using the 
ABI Prism 7500 Real-Time PCR System (Applied Biosystems) and the 
QuantiTect SYBR Green RT-PCR kit (Qiagen). Primers were used at a 
concentration of 0.6 µM to amplify 2 ng RNA template in a 20µl reaction volume. 
Negative control (without reverse transcriptase) and melting curve analyses 
confirmed qRT-PCR analysis was not confounded by DNA contamination or 
primer dimers. Dopamine gene expression was normalized to the GAPDH levels 
using a modification of the delta-delta CT method (Pfaffl et al., 2002). Briefly, the 
average Ct of the three replicates for each reaction (x) was used to calculate 
relative concentration (2^(-x)).  Percent relative concentration of GAPDH was 
then calculated for DOP-1, DOP-2, and DOP-2L in each tissue. 
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Statistical analyses 
 All statistical comparisons were analyzed using Statistica version 7 
(StatSoft, Tulsa, OK, USA) with an alpha set to 0.05. Friedman’s ANOVA tests 
were used to compare differences in biogenic amine levels among castes, and the 
Wilcoxon signed-rank test was used for multiple comparisons with p-values 
adjusted for a sequential-Bonferroni correction. For all other between-group 
comparisons that did not involve multiple comparisons we used Wilcoxon signed-
rank test without adjusted p-values. The Spearman rank correlation was used to 
determine the relationship between ovarian development and amine levels in 
gamergates.  
 
RESULTS 
Caste differences in biogenic amine levels 
 We found clear caste-specific differences in biogenic amine levels (Table 
6.1). With respect to reproductive differences, we found that dopamine levels 
were highly increased in gamergates compared to other worker castes, while 
foragers had the lowest levels (Friedman’s ANOVA, N=13, p=0.0016; Wilcoxon 
signed-rank multiple comparisons, [gamergate vs. outside worker, p=0.006]; 
[gamergate vs. inside worker, p=0.038]; [inside worker vs. outside worker, 
p=0.046]; Fig. 6.1a). Serotonin levels were significantly higher in outside workers 
compared to both inside workers and gamergates (Friedman’s ANOVA, N=13, 
p=0.0008; Wilcoxon signed-rank multiple comparisons, [outside worker vs. inside 
worker, p=0.003]; [outside worker vs. gamergate, p=0.008], [inside worker vs. 
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gamergate, p=0.116]; Fig 6.1b). Tyramine levels were significantly higher in 
inside workers compared to both outside workers and gamergates (Friedman’s 
ANOVA, N=13, p=0.0006; Wilcoxon signed-rank multiple comparisons, [inside 
worker vs. outside worker, p=0.009]; [inside worker vs. gamergate, p=0.009]; 
[outside worker vs. gamergate, p=0.701]; Fig. 6.1c). Octopamine levels did not 
differ among groups (Friedman’s ANOVA, N=13, p=0.37; Fig. 6.1d). Because 
tyramine and octopamine are known to have antagonistic effects on the nervous 
system (Roeder et al., 2003), we compared the ratio of octopamine to tyramine in 
inside and outside workers and found that this ratio was significantly higher in 
outside workers so that outside workers had elevated levels of octopamine 
compared to tyramine (Wilcoxon signed-rank test, N=12, p=0.0029; Fig. 6.2). 
 Dopamine levels in the brain were positively correlated with the number 
of vitellogenic oocytes in gamergate ovaries (Spearman rank correlation, N=20, 
p=0.012; Fig. 6.3). No correlation was found between the number of vitellogenic 
oocytes and brain concentrations of serotonin, tyramine, or octopamine 
(Spearman rank correlation; serotonin, N=19, p=0.3; tyramine, N=19, p=0.67; 
octopamine, N=20, p=0.48). 
 
Biogenic amine levels and dominance behavior 
 Workers had significantly higher levels of dopamine three days after the 
start of dueling, while levels of other biogenic amines were unchanged (Wilcoxon 
signed-rank test, [dopamine, N=21, p=0.042]; [serotonin, N=21, p=0.39]; 
[tyramine, N=21, p=0.59]; [octopamine, N=21, p=0.339]; Fig. 6.4a). In response 
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to policing, brain levels of dopamine, serotonin, and tyramine were significantly 
reduced, while octopamine levels did not change (Wilcoxon signed-rank test, 
[dopamine, N=15, p=0.0064]; [serotonin, N=15, p=0.0031]; [tyramine, N=15, 
p=0.020]; [octopamine, N=14, p=0.68]; Fig. 6.4b).  
 
Expression of dopamine receptor genes in brains and ovaries 
 All three dopamine receptor genes were expressed in brains of gamergates 
and workers (N=10), but only the receptor gene for DOP-1 was consistently 
expressed in the ovaries at a measureable level (Fig. 6.5). The level of expression 
in the brain was 2-3 orders of magnitude higher than the expression of these 
receptor genes in the ovaries. Gamergates and workers expressed these genes at 
close to equivalent levels in the brain and ovaries, but there was a slight trend 
showing higher expression of dopamine receptor genes in worker tissue compared 
to gamergates in all cases. 
 
DISCUSSION 
 The worker and reproductive castes of H. saltator could be clearly 
differentiated based on caste-specific levels of biogenic amines (Table 6.1). All 
three groups–gamergates, inside workers, and foragers–displayed differences in 
dopamine levels, and gamergates had the highest levels of dopamine in the brain. 
Furthermore, dopamine was positively correlated with ovarian activity in 
gamergates, and two dopamine receptor genes (D1 and D2-L) were expressed in 
the ovaries. With respect to the formation of a reproductive hierarchy, dopamine 
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levels rose sharply after the onset of a new reproductive tournament and dropped 
as a result of worker policing. In addition to dopamine, we found differences in 
serotonin and tyramine among castes as well, and these results provide additional 
evidence that biogenic amines are important regulators of social behavior in 
insects. 
 
Reproductive division of labor 
 Differences in dopamine levels among castes clearly corresponded with a 
reproductive division of labor in H. saltator. Gamergates had the highest levels of 
dopamine, and dopamine levels were positively correlated with the number of 
yolky oocytes in gamergate ovaries. In other social insects, JH and ecdysteroids 
have been found to differ with respect to reproductive dominance (Bloch et al., 
2000a; Bloch et al., 2000b; Brent et al., 2006; Giray et al., 2005; Sommer et al., 
1993), but levels of these hormones do not differ between gamergates and 
workers in H. saltator (Penick et al., 2011). JH is thought to stimulate uptake of 
vitellogenin (yolk protein) by the ovaries in solitary insects, but JH has apparently 
lost this function in adult reproductives of honey bees (Robinson and Vargo, 
1997) and some ants (Brent et al., 2006; Sommer et al., 1993). Instead, there is 
increasing evidence in Apis mellifera that dopamine serves as a gonadotropin 
(Brandes et al., 1990; Harris and Woodring, 1995; Mustard et al., 2012; Vergoz et 
al., 2011), and our results corroborate this finding for H. saltator. 
  Dominance in other social insect species has been associated with 
elevated octopamine levels (Bloch et al., 2000c; Cuvillier-Hot and Lenoir, 2006), 
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but gamergates of H. saltator did not differ from non-reproductive workers with 
respect to octopamine. Because octopamine has been directly linked to aggressive 
behavior in Drosophila males (Hoyer et al., 2008) and fighting crickets (Adamo et 
al., 1995), we hypothesized that octopamine may play a role during the midst of 
reproductive tournaments rather than after gamergates have become fully 
established. When we experimentally induced dominance tournaments in H. 
saltator, however, we did not see a change in octopamine levels. Instead, we saw 
an increase in dopamine at the onset of dueling. 
 With respect to behavior, increased dopamine has been associated with 
dominance and aggression in vertebrates (Miczek et al., 2002). In H. saltator, 
dopamine levels increase at the onset of a reproductive tournament, but after the 
tournament is over, dopamine levels remain high in stable gamergates. Stable 
gamergates do not often engage in aggression, so therefore dopamine is probably 
not directly associated with aggressive behavior. Instead, dopamine may serve as 
a neuromodulator, whereby individuals with elevated dopamine may be more 
likely to respond to aggression as a dominant individual. Gamergates consistently 
display a dominance posture (tall stance, elevated gaster, and they do not allow 
other workers to step over them), and when they are confronted by a challenging 
worker they respond with dominance biting. But based on our results, it is not 
clear what factors are directly driving aggressive displays during reproductive 
tournaments when aggressive displays reach a much higher frequency than what 
is observed among stable gamergates. 
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 In response to worker policing, dopamine levels declined. Worker policing 
is a behavioral mechanism that inhibits ovarian activity in the individual that is 
policed. A change in ovarian status is usually not noticeable for several weeks 
(Liebig et al., 1999), but we found a decrease in dopamine levels within 24hrs. A 
drop in dopamine is likely part of a cascade of events that leads to a decrease in 
ovarian activity and resorption of developing oocytes. We also found a decrease 
in serotonin and tyramine levels, but these hormones are already low in 
gamergates compared to other castes, and levels of these amines did not change 
during the onset of reproductive tournaments.  
 Workers may be targeted for policing based on the display of a chemical 
fertility signal (Smith et al., 2009), and dominance status in stable colonies of H. 
saltator is presumably maintained through the production of a distinct cuticular 
hydrocarbon profile (Liebig et al., 2000). In order for this signal to be a reliable 
indicator of ovarian activity, it must be linked to a clear indicator of ovarian 
status. While JH has been linked with the production a fertility signal in another 
ant species (Cuvillier-Hot et al., 2002), dopamine is a more likely candidate in H. 
saltator. Dopamine has been connected to the production of a female-specific 
hydrocarbon pattern in Drosophila (Marican et al., 2004), and dopamine and its 
receptors are found in insect cuticle (Evans, 1981). After policing, dopamine 
levels decrease in a short time span, and this force policed workers to shut down 
their ovaries and the production of the fertility signal. Only after this is 
accomplished are they able to reintegrate into the colony as a non-reproductive 
worker. 
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Worker division of labor 
 In addition to a reproductive division of labor, non-reproductive workers 
of H. saltator display a temporal polyethism, where young workers perform in-
nest tasks while older workers transition to foraging (Haight, 2012). In many 
respects, inside workers display traits intermediate between foragers and 
gamergates (Table 6.1). This pattern is reflected with respect to dopamine levels 
with inside workers displaying intermediate levels of dopamine compared to 
foragers and gamergates. Dopamine levels were positively correlated with ovarian 
activity in gamergates, and we observed a similar pattern within the non-
reproductive worker castes: dopamine levels were elevated in inside workers 
compared to foragers, and inside workers generally display larger ovaries than 
foragers. 
 This pattern is opposite to that found in other social insect species where 
dopamine is generally higher in foragers (Cuvillier-Hot and Lenoir, 2006; Seid 
and Traniello, 2005; Wagener-Hulme et al., 1999). Evidence from Apis mellifera 
suggests that dopamine may perform a dual function, regulating foraging under 
normal conditions (Wagener-Hulme et al., 1999) and regulating worker 
reproduction when the queen is absent (Harris and Woodring, 1995). In H. 
saltator, it appears that dopamine serves the latter role but does not promote 
foraging. Dopamine may still have a role in regulating worker behavior in H. 
saltator in addition its possible effects on dominance behavior. Dopamine has 
been associated with novelty-seeking behavior in vertebrates, including humans 
(Bardo et al., 1996; Ebstein et al., 1996), and dopamine inhibits exploratory 
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behavior by scout bees of Apis mellifera (Liang et al., 2012). In H. saltator, both 
inside workers and gamergates do not venture outside of the nest, and it is 
possible that increased dopamine in these castes inhibits individuals from leaving 
the nest. From the opposite perspective, high dopamine levels could also have an 
inhibitory effect on foraging. 
 While dopamine is not connected to foraging in H. saltator, it is possible 
that other biogenic amines are associated with this behavior. A long history of 
research has focused on a connection between increased JH levels and foraging in 
social insects (Dolezal et al., 2012; Hartfelder, 2000; Jaycox et al., 1974; 
Robinson, 1987), and we previously confirmed this pattern in H. saltator (Penick 
et al., 2011). However, work on biogenic amines in honey bees has found that 
octopamine may regulate foraging in addition to JH, and the response to 
octopamine treatment is more rapid than the response to JH treatment (Schulz et 
al., 2002). In spite of this, we did not find differences in octopamine levels among 
castes of H. saltator, but the ratio of octopamine to tyramine differed between 
inside workers and foragers. Tyramine is the precursor of octopamine, and the 
ratio of tyramine to octopamine may be important for regulating behavior. In 
honey bees, tyramine has been shown to modulate locomotor activity, and 
injection of tyramine in worker bees caused a reduction in flying, a behavior 
associated with foraging (Fussnecker et al., 2006). Similarly, the increased 
tyramine levels of inside workers in H. saltator may inhibit foraging, but tyramine 
is not elevated in gamergates. Gamergates also do not forage, so another 
mechanism must be responsible for inhibiting foraging by gamergates. 
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 Foragers of H. saltator had elevated serotonin levels compared to inside 
workers and gamergates. Serotonin has been shown to affect circadian cycles in 
numerous insect species (Tomioka et al. 1993; Page 1987; Yuan et al. 2005) and 
could affect foraging cycles in H. saltator as well. Foraging in H. saltator is 
related to daily light cycles, but gamergates and inside workers are usually not 
exposed to daylight in the wild. We controlled for time of day when we collected 
foragers for this study (foragers were collected in mid afternoon, during the "day-
light" period in our rearing facility), so it is possible that serotonin levels increase 
in daylight hours and decrease during lower levels of foraging activity. 
Alternatively, serotonin has been associated with aggression in other arthropods 
(Kravitz and Huber, 2003) and has been linked with defensive behavior in honey 
bees (Hunt, 2007) and ants (Kostowski et al., 1975; Seid et al., 2008). We did not 
find a connection between serotonin and aggressive behavior during reproductive 
tournaments in H. saltator, but the effects of serotonin could be specifically 
related to aggression in a defensive context. Gamergates and inside workers are 
timid towards foreign intruders in H. saltator, but foragers exhibit defensive 
displays and actively attack intruders when provoked. The studies that have linked 
serotonin with aggression in social insects have also focused on the defensive 
context, so it is possible that serotonin may serve this role in H. saltator as well. 
 
Signaling between the brain and ovaries 
 Our results point to a connection between brain levels of dopamine and 
ovarian activity in H. saltator, but in order to establish this connection directly, 
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we investigated expression levels of the dopamine receptor genes in the ovaries. 
H. saltator possess three dopamine receptor genes that are orthologs to those 
found in Apis mellifera (Bonasio et al., 2010). One of these receptor genes 
(DOP1) was clearly expressed in the ovaries of both workers and gamergates, 
while all three receptor genes were expressed in the brain. These results are 
similar to what has been found in Apis mellifera, where orthologs of DOP1 and 
DOP-2L genes are also expressed in the ovaries but not the DOP-2 receptor gene 
(Vergoz et al., 2011). 
 
Conclusions  
 Dopamine signaling between the brain and ovaries provides a connection 
between neural processing of behavior and reproductive output. As outlined 
above, dopamine may have a neuromodulatory effect on dominance behavior and 
may stimulate ovarian activity directly. There is increasing evidence in social 
insects that the reproductive state of an individual can drive complex behavioral 
traits (Amdam et al., 2006; Siegel et al., 2012; Wang et al., 2010), and dopamine 
may play an important role in this feedback system. Similarities between the role 
of dopamine in H. saltator and other social insect species suggest that the 
reproductive function of dopamine may be a general phenomenon. The patterns 
we observed with respect to biogenic amine levels form a foundation for future 
studies to link social behavior with reproductive characteristics. 
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Table 6.1 Worker caste characteristics of H. saltator and relative biogenic amine 
levels† 
 
Relative biogenic amine levels  Age 
(days) 
No. yolky 
oocytes 
Task 
performance DA 5-HT TA OA 
Gamergate 50-900 4-9 reproduction High Low Low Equal 
Inside-worker 0-50 0-2 brood care Medium Low High Equal 
Forager 50-200 0 nest defense, foraging Low High Low Equal 
†abbreviatios for biogenic amines: dopamine (DA), serotonin (5-HT), tyramine (TA), octopamine (OA). 
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Figure 6.1 Caste-based differences in biogenic amine levels. Median, 25-75%, 
and range of brain levels of A) dopamine, B) serotonin, C) tyramine, and D) 
octopamine in gamergates, inside workers, and foragers during stable colony 
conditions. Letters indicate p<0.05 to p<0.0008, N=13. 
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Figure 6.2 Ratio of octopamine to tyramine in workers. Median, 25-75%, and 
range of the ratio of octopamine to tyramine in individual inside-workers and 
foragers. (P=0.0029, N=12). 
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Figure 6.3 Brain dopamine levels and number of yolky oocytes in gamergate 
ovaries. Levels of dopamine were positively correlated with the number of yolky 
oocytes in gamergate ovaries, a measure of reproductive status. (P=0.012, N=20). 
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Figure 6.4 Changes in biogenic amines during reproductive tournaments. Median, 
25-75%, and range of A) change in biogenic amines 3 days after the onset of 
dueling (N=21), and B) change in biogenic amines 24hrs after policing ([Dop, 
Ser, Tyr: N=15], [Oct: N=14]). Asterisks indicate values significantly different 
from zero (p<0.05 to p<0.003). 
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Figure 6.5 Expression levels of dopamine receptor genes in worker and 
gamergate brains and ovaries. Mean±SD of expression levels of DOP-1, DOP-2, 
and DOP-2L standardized to expression levels of GAPDH (N=10). 
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